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United States Patent Office Secrecy Order

NOTICE

The Acrojet-General Corporation has filed patent applications in the U. S. Patent Office 10
cover inventions disclosed in this publication, and the Commissioner of Patents has issued 2
secrecy order thereon.

Compliaace with the provisions of this secrecy order requires that those who receive a
disclozure of the secret subject matter be informed of the existence of the secrecy order and of
the penalties for the violation thereof.

The recipient of this report is accordingly advised that this publication includes information
which is now under a secrecy order. It is requested that he notify all persons who will have zccess
to this material of the secrecy order.

Euch secrecy order provides that any person who has received a disclosure of the subject
matter covered by the secrecy order is

“in nowise to publish or disclose the invention or any material information
with respect thereto, including hitherto unpublished details of the subject
matter of said application, in any way to any person not cognizant of the
inveation prior to the date of the order, including any employee of the prin-
cipals, but to keep the same secret except by written permission first obtained
of the Commissiones of Patents.”

Although the original secrecy order forbids disclosure of the material to persons not cogaizant
of the iavention prior to the date of the order, a supplemental permit attached to each order does
permit such disclosure to:

“(1) Any officer or employee of any department, independent agency, or bureau
of the Government of the United States.
“(b) Any person designated specifically by the head of any department, inde-
ndent agency or bureau of the Government of the United States, or by
is duly authorized subordinate, as a proper individual to receive the
disclosure of the above indicated application

“The principals under the secrecy are further authorized to disclose the
subject matter of this application to the minimum necessary number of persons
of known loyalty and discretion, employed by or working with the principals
or their licensees and whose duties involve cooperation in the development,
manufacture or use of the subject matter by or for the Government of the
United States, provided such persons are advised of the issuance of the
secrecy order.”

No other disclosures are authorized, without written permission from the Commissioner of
Patents. Public Law No, 239, 77th Congress, provides that whoever shall “willfully publish or
disclose or authorize or cause to be publisked or disclosed such invention, or any material
information with respect thereto,” which is under 2 secrecy order, “shall, upon conviction, be
fined not more than $10,000 or imprisoned for not more than two years or both." In addition,
Public Law No. 700, 76th Congress, provides that the invention in a patent may be held aban.
donud, if it be established that there has been a disclosure in violation of the secrecy order.

It must be understood that the requirements of the secrecy order of the Commissicner of
Patents are in addition to the usual security regulations which are in force with respect 10
activities of the Aerojet-General Corporation. The usual security regulations must still be
observed notwithstanding anything set forth in the secrecy order of the Commissioner of Patents.
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Report AFRPL-TR-69-122
FOREWORD

(W) This is the final report of work performed under Contract F04611-68-C-
0053, Program Structure 750G, AFSC Project 3058, for the Rocket Propulsion
Laboratory at Edwards Air Force Base, California. It covers the period

1 April 1968 through 31 March 1969, and is submitted in accordance with the

report requirements of Exhibit B of the contract.

v The work was conducted under the cognizance of Thrust Chamber Engincer-
ing, Liquid Rocket Operations, Aerojet-General Corporation, Sacramento,
California. The program was directed by Dr. C. B. McGough, program manager;
Mr. J. F. Addoms was project manager; and Mr. J. O. Hartsell was the project
engineer. Mr. M. V. Rogers was the Air Force project engineer, Rocket

Propulsion Laboratory, Edwards Air Force Base, California.

Q)] The author wishes to acknowledge the contributions of Dr. R. J. LaBotz,
who provided overall technical guidance in the areas of injector design and
experimental data evaluation. The author also acknowledges the services of:
Mr. K. Y. Wong, who performed all hardware design tasks; Mr. K. L. Gustafson,
who provided technical assistance in the areas of braze technology and injector
assembly; Mr. R. C. Keith, Mr. B. W. Cathroe, and Mr. B. F. Perkins, Jr.,

who, together with personnel of the Research Physics Laboratory, performed

all the tests and contributed significantly to the resolution of associated
problems; and Mr. K. R. Collirs and Mr. R. E. Jones, Jr., who provided valuable
technical assistance in the realm of engine application and overall system

design.

) This technical report has been reviewed and is approved.

Melvin V. Rogers
Reentry Propulsion Section
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Q)] A twelve-month program was conducted to develop and demonstrate an
advanced injector to be used with the propellants N204/N2H4 at a thrust level
of 3000 1bf. Five injectors were tested in 13 unique configurations to
establish the parameters necessary to the optimization of performance, dynamic
stability, chamber cooling capability, and injector/chamber compatibility.
Once established, the optimized parameters were incorporated into a f.lnal

injector. This last unit was employed in performance and stability demonstra-

tion tests and in long-duration durability tests. All contract design goals

were met or exceeded by the final optimized injector.
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i LIST OF ABBREVIATIONS AND SYMBOLS
. BLL = Boundary layer loss 1bf~sec/lbm
DL = Divergence loss, 1bf-sec/lbm
U ERL = Energy release loss, lbf-sec/1lbm
KL = Kinetic Losses, 1bf-sec/lbm
Isp = Vacuum specific impulse, 1bf-sec/lbm
Hh = Mass flow rate, lbm/sec
MRDL = Mixture ratio maldistribution loss,
| 1bf-sec/lbm
!
; O/F = Mixture ratio
i AFBLL = Boundary layer thrust decrement, 1bf
i € = Area ratio
| npIv = Nozzle curvaturs-divergence efficiency
i %
: !
i Subscripts
|
!
del = delivered value
i = of "ith" stream tube
n = number of stream tubes
i 0/A = overall engine property
ODE = one dimensional equilibrium
ODK = one dimensional kinetic
T = total engine property
v = vaporized property
1
?
&
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. SECTION I
. | INTRODUCTTON
B H 4
& A.  GENERAL
i3 .
s
é ) Areas of technology which required further development for

possible application to an advanced post boost propulsion system were

R S, fo w3

recently defined. Among these areas was a requirement for a flight-type

ik

N204/N2H4 rocket engine. This engine was to deliver good performance,

AL
(A PTAEL Vg

possess inherent and dynamic stability, and be capable of firing for long
cumulative durations with multiple hot restarts. In addition, the engine

had to possess reliability, ease of fabrication with a minimum of quality

Y S R e e

control, low-cost per unit, and the ability to withstand vibration and

nuclear effects.

i PR

5455

) Little work has been done to develop injector-chamber assemblies

BT

for this prepellant combination at the levels of chamber pressure and thrust
which were required. Various agencies had worked on the development of

injectors for this propellant combination. However, many of these injectors

ineozsl R

&g

had not been developed in physical counfigurations suitable for application to
a system, and little work had been done to make these units capable of hot
restarts and compatible with state-of-the-art thrust chamber materials. As

a consequence, an intensive development program was conducted to demonstrate
the adequacy of a current injection technique to the stringent requirements

of the hydrazine engine. A major effort was directed toward establishing a

R P ki g NRTERLA gy i oy

unit sufficiently qualified to be directly applicable to subsequent develop-

ment of a full-scale injector-chamber assembly.

S £ G o ey
3

‘%5 ) This report presents the results of a twelve-month technical
e program sponsored by the Air Force Rocket Propulsion Laboratory at Edwards

Air Force Base, California, under Contract F04611-68-C-0053.
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I, Introduction (cont.)
B.  OBJECTIVES

(C) The objective of this program was to demonstrate the applicability
of the HIPERTHIN* injector concept for use with the propellants NZOA/NZHA'
Specifically, the stability, performance, and injector/chamber compatibility

of the units were to be fully evaluated at a vacuum thrust level of 3000 1lbf
and a chamber pressure of 300 psia. Design criteria and performance parameters
so obtained were to be incorporated into the fabrication and demonstration of

an optimized HIPERTHIN injector.
C.  TECHNICAL APPROACH

c) The objectives of this program were accomplished through a combined
theoretical-experimental effort directed towards defining and experimentally
evaiuating the operational characteristics of the HIPERTHIN injector when

used with N204/N2H4. The program was conducted in two phases. The first

phase consisted of the initial analysis and design of two basic injector types
and of all workhorse chamber and propellant feed system hardware. The second
phase dealt wich the experimental evaluation of the injector concepts resulting
from the design effort, and application of the experimental data to the pro-

duction and demonstration of a final optimized injector.

w The work of Phase I was conducted in compliance with two criteria:
(1) to identify, through analysis, potential problem areas inherent to the
hardware concepts and desired range of operating conditions, and (2) to desizn
experimental hardware amenable to rapid modification should such problem areas
be encountered. In keeping with these criteria, the initial developmental

injectors were of two types, impinging and showerhead, and were multipurpose

(U) *HIgh PERformance THrottlable INjector: A concept developed and owned
by Aerojet—General Corporation on which Aerojet has patent No.
3,413,704 and patents pending.

Page 2
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I, C, Technical Approach (cont.)

in that each unit had provisions for three unique injector configurations
(see Section IV.B.1l). It was thus possible to investigate, early in the
program, several combinations of baffle pattern and flat-face area on two

types of injection elements.

W) The design work of Phase I provided the nucleus of hardware about
which Phase II was conducted. The first task of Phase II consisted of a
thorough evaluation of injector type, baffle pattern, and boundary cooling
parameters in terms of stability and overall performance. As each parameter
vas optimized, additional developmental injectors were fabricated which
successively deleted the undesirable characteristics. The end result of
Phase IL, Task I was an injector of optimized injection element, baffle
pattern, and zone cooling configuration. This final injector was then used
to complete the contract, Task II of Phase IT consisted of long-duration

firings in which the inherent injector/chamber compatibility was demonstrated.

Page 3
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SECTION II

PROGRAM SUMMARY

(©) A prograw was conducted to develop and demonstrate a HIPERTHIN injector
for use with the propellants N204/N2H4. This injector, which was to operate
at a thrust level of 3000-1bf and a chamber pressure of 300 psia, was to
exhibit high performance over a mixture ratio range 0.95 to 1.40, dynamic

stability and injector/chamber compatibility.

w The program was conducted in two phases, the first of which was hard-
ware design and pre-experimental analysis. The second phase consisted of
hardware fabrication, experimentation, and design iteration based on experi-
mental results. The work of these two phases produced two basic injector
designs with four iterations: multipurpose impinging and showerhead injectors,

single level impinging injectors, and a final optimized injector.

Q1)) The first three injector-type iterations employed seven injectors, two
of which were nct tested due to inadequacies in the then-current fabrication
techniques. The remaining five injectors were tested a total of 83 times.
These tests were influential in allowing positive salection and identification
of Injector type, proper fabrication technique, performance capability, dynamic
stability characteristics, and boundary cooling feasibility. The parameters

so defined were incorporated into a final demonstration injector.

(1)) The final injector was tested 17 times, during which the required per-
formance, stability, and cooling characteristics were demonstrated. The
injector met or exceeded every applicable program goal., As a final demon-
stration, the injector was subjected to two 20 second duration tests to illu-
strate the high degree of thermal durability and structural integrity. The

results of the entire program were then documented in this report.

Page 4

CONFIDENTIAL




CONFIDENTIAL

Report AFRPL~TR-69-122

SV NI AN ¥ e SRR A0 2 P

SECTION III

FINAL INJECTOR OPERATING CHARACTERISTICS

(v The frontispiece of this report shows a pre-fire view of the final
injector produced during this program. This unit is the culmination of all
design, fabrication, and experimental data generated during the program.
The injector was fabricated and successfully tested in an eleven day period
following the completion of its conceptual design. It has been tested 17

times for a cumulative duration of approximately 75 seconds.

(1)) A ccmparison of the attained performance and the contract design goals
is presented in the following table. It is significant that the attained
values were achieved using a copper chamber of 6.5 inch characteristic length
(L*). This assembly had a 5 inch chamber length measured from injector-to-
throat, and a 1.67 contraction ratio. The injector diameter was 3.50 inches;

throat diameter was 2.70 inches.

© HYDRAZINE INJECTOR PERFORMANCE (U)
Contract Design Goals Achijevad
Thrust (vac.) 3000 1bf + 5% 3000 1bf + 2%
Chamber Pressure 300 psia + 5% 300 psia + 2%
Minimum Igp (Vac at Opt. 300 sec 308 sec at MR = 0.9
Mixture Ratio) 309 sec at MR = 1.0
(e = 30:1) 306 sec at MR = 1.2
304 sec at MR = 1.3
302 sec at MR = 1.4
Mixture Ratio Range 0.95 to 1.40 0.86 to 1.40
- Dynamic Stability 40 millisecond 20 to 40 wmillisecond
recovery from recovery from 607 to
525 psi over 967 psi over pressure
. pressure (tangential pulse and
center bomb)
Cooling Capability Unspecified Less than 4500°F boundary

recovery temperature

Page 5

CONFIDENTIAL




e - - B R LR T NPT AW - NP »mxm{n@m
NI SfX Y
A \

i
i
t

CONFIDENTIAL

U7 i, VAR PO O

Report AFRPL-TR-69-122

——
4 i

TII, Final Injector Operating Characteristics (cont.)

S4Fi e,
Ko~
e e e

) It can be seen that every design goal was met or substantially exceeded. '

R 7 AR R €

The boundary temperature achieved is not compatible with conventional phenolic

chambers. It is, however, compatible with chambers containing liners made

R

] from refractory materials. Test data obtained on a company-sponsored program

showed no pressure decay when refractory-lined chambers were tested.

AN SR 2 by RETY

1)) The post~fire condition of the final injector, after approximately

e A

75 seconds operation including two 20-second tests, is shown on page 188.
This figure shows the high degree of durability attained with this unit. The

FATCE pER AR o i

heat marks seen on the face were in evidence after the first four short-~

duration tests. They remained substantially unchanged from that point.

QIR RN
xS

Fat

There was no metal removal on the active portion of the injector face.

LA e

Y
T

Q1)) There has also been no significant orifice deformation as a result of
the transient and induced-pulse operation. This is a significant improvement
over the earlier injectors of this type. As discussed in Section VIII, the

initial program injectors degraded with accumulated test duration.

- RRRGEL P iy,

Yoy tes 3

1 There has been no injector deterioration or variance in hydraulic

“y

s S ARG A T 8]

characteristics during storage of the final unit. The longest continuous
storage period accomplished with this injector to date has been two weeks.
This period, which followed the final test, was preceded by a water flush
There was no attempt made to control the atmosphere during

et

Bk

: and GN, purge.
Subsequent hydrotests and leak checks showed circuit resistances to

. storage,
be identical to the original pre-fire values.

oy ST

ey S

() The following sections detail the work conducted during the program

which resulted in the final N204/N2H4 injector.

il iR o
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SECTION IV
DESIGN
A. DESIGN ANALYSES
1. General
u) This program had two phases; the first dealt exclusively with

the analytical evaluation and subsequent design of the test hardware. The
purpose of the analytical effort was to provide as firm a basis as possible
for the initial design selections. Potential problem areas were defined in
the areas of performance, stability, and hea: transfer. Consideration of
these potential problems was then incorporated into the initial designs to
provide versatile first-item hardware. The techniques used in this early

design study are presented in the following subsections.

2. Performance Analysis

a. Objectives

(m The performance model employed during the design and

test phases of this program fulfilled three objectives. These were:

(1) Determination of the effects of significant design

and operation variables on performance.

(2) Definition of the source and magnitude of wvarious

performance losses.

(3) Definition of high area ratio altitude performance

trends through extrapolation of low area ratio sea level test data.
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IV, A, Design Analysis (cont.)

The first two of these goals apply either wholly or in pari .o the pre-test

design phase. 1In analyzing the effect of potential design factors on overall
performance, the performance model is extremely effectlve in first, deriving
initial designs with a high probability of success, and second, in developing
a test plan amenable to rapid parameter optimization. The model was used in
this program to select the initial chamber sizes, contvaction ratio, nozzle
expansion ratio, and basic injector types. In addition, theoretical curves
wvere generated which gave the effect of baffle pattern on overall performance.
These curves were used in test planning relative to anticipated baffle

modifications.

)] Attainment of the second goal of the performance model -
that of loss definition ~ was achieved theoretically before testing, and
verified with the acquisition of experimental test data. The pre-test results
were used in two ways. First, the values of predicted performance were used

to detect obviously discrepant tests. The ability to recognize inccngruous
results immediately after a test prevented repetitive testing under conditions
that could mask vhrust chamber capabilities. As discussed later in the report,
this capability was instrumental in detecting low engine performance due to

contaminated propellant.

(v) The second way in which the pre~test analyses were

employed was the use of the calculated losses during final data analysis.

The prior determination of fixed losses such as divergence loss and houndary
1

layer losses expedited analysis of the final data.

) Accurate prediction of the high area ratio altitude

1
performance was the prime objective of the performance model as used during
this program. To accomplish the objective, the calculable sea level and

altitude performance losses were defined using the iCRPG-recommended procedures

Page 8
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IV, A, Design Analysis (cont.)

(Reference 1). Barrier cooling and energy release losses were analytically
evaluated using a stream tube analysis (Reference 2) anu a propellant vaporiza-
tion analysis which is a modification of a technique develeped by Priem

(Reference 3). The incorporation of these analyses with the ICRPG programs in

order to account for interaction effects is discussed in Reference 4. With
the acquisition of test data, these analytically-derived losses were revised

and new predictions made as required.

b. Model Description

q)] The methodology of the performance model used in this
program has been formulated in a manner similar to the ICRPG Standard Perfor-
mance Evaluation Technique. Modifications have been made, however, to include
performance loss interactions based on liquid propellant vaporization theory.
Vaporization-limited combustion properties are used to calculate those losses
due to incomplete energy release, finite-rate limited gas expansion, and
boundary layer shear drag and heat transfer. This modified program is termed

the "Vaporization Interaction Performance Model".

v) The technique employed for evaluation and prediction of
performance considered the one-~dimensional equilibrium (ODE) Zlow conditions
to be the base case. As seen in the following equation, all performance

losses are subtracted from this base:
Isp(dellvered) = Isp (ODE) - ZIsp losses 1) ‘

) One dimensional equilibrium performance was evaluated '
using Aerojet computer program #166. This documented program computes one-
cimensional flow in chemical equilibrium and is the basis for all ZIsp and 7%C*

quotations.
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IV, A, Design Analysis (cont.)

) The losses which were considered during performance R
analysis of the hydrazine engine are brisfly described below along with the

basic relationships that incorporate the vaporized propellant parameters into

each performance loss definition. Each loss is defined independently from the

other performance losses in order to more clearly show how the vaporized

propellant parameters influence the loss analysis. The loss derivations are

developed without refercnce to any particular evaluation program; however, it

will be shown how both the ICRPG Standard and Simplified Reference Computer

Programs can be utilized with the final derived performance loss formulations.

A nomenclature list is included at the front of this report.

(1) The Energy Release Loss (ERL)

u) This loss accounts for the performance reduction

as a result of incomplete vaporization, mixing, and chemical reaction. This
loss is evaluated by determining the mass defect caused by unvaporized
propellant and the effect of the vaporized mixture ratio on the thermochemical
performance output. Using one dimensional equilibrium (ODE) conditions as the
baseline or maximum achievable performance, the energy release loss at any
nozzle expansion ratio can be found by subtracting the product of the total
percent mass of propellant vaporized and the ODE specific impulse at the
vaporized mixture ratio from the ODE specific impulse at the liquid propellant

mixture ratio. That is, in ODE notation;

=8

ERL = I

1<

sp ODE (0/F) ~ Isp ODE (0/F)_ (2)
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IV, A, Design Analysis (cont.)

w For an engine with several "stream tubes" of
different mixture ratlos or atomization/vaporization characteristics, this
process is used for each stream tube and the results are mass flow rate weight
summed to give the total loss. Therefore Equation (2) can be geuneralized to

the following notation:

n
1
R = Z D o - 3 T —
BRL = P | I O0DE (O/F) m - I ODE (O/F) mvi] . (3)
(2) The Mixture Ratio Maldistribution Loss (MRDL)
(wn This loss accounts for the performance degradation

due to non-homegeneous combustion products on a macroscopic scale. The loss
may be intentionally induced, as with barrier or fuel film cooling or may be
unintentional as a result of non-uniform injector hydraulics. The mixture
ratio maldistribution loss is calculated using a stream tube technique. The
mass flow rate weighted sum of the ODE specific impulse for the individual
stream tubes at the stream tube mixture ratios are subtracted from the ODE
specific impulse at the overall mixture ratio to define this loss. This
performance loss definition is similar to the notation used in the pregent
ICRPG Performance Evaluation Procedures for MRDL calculations which are beyond
the two-stream tube capability of the reference computer program. Again using

ODE as the reference condition, the MRDL is defined by the following relationship:

n

e

.

T
i (Tsp ope ©o/F), Y (4)

T

MRDL = L
sp ODE (O/F)O/A

where the "ith" stream tube refers ro discrete zones of flow whose mixture

ratios are calculable by known injector hydraulic parameters.
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IV, A, Design Analysis (cont.) :
(3) The Kinetic Losses (KL)

)] This loss accounts for performance reduction from
the equilibrium condition due to finite chemical reaction and relaxation rates
of the species present in the exhaust gas during the nozzle expansion process.
The kinetic loss is defined by considering the mass flow rate-summed ODE per-
formance at the stream tube mixture ratios as the reference point. The one
dimensional kinetic (ODK) performance evaluated at the vaporized mixture ratio
for each of the individual stream tubes, and then summed over the 'n" stream
tubes, is subtracted from the ODE performance to obtain the kinetic loss.
Again it is emphasized that both the kinetic 25:d ODE performance must be evalu-
ated at the vaporized mixture ratio and mass flow rate rather than at the
liquid propellant mixture ratio, since the vaporized parameters represent the
actual composition of the exhaust gases. The unvaporized portion of the
propellants is actually in a non-gaseous state and cannot be considered in the
exhaust gas expansion process, other than the two phase flow velocity and
thermal lag effects which are beycnd the scope of this report. Equation (5)

is a mathematic representation of this definition of kinetic loss. !

n i .
KL = = lI Byi
H

(4) The Boundary Layer Loss (BLL) i

)] This loss accounts for the degradation of perfor-
mance due to shear drag and heat loss at the boundary of the thrust chamber.
The boundary layer loss is evaluated using the vaporized performance combustion
properties in the outer stream tube., Again, the vaporized composition is con-

sidered rather than the composition based on overall propellant flow rates.
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IV, A, Design Analysis (cont.)

Using a suitable evaluation procedure, a AFBLL is calculated and divided by

the total propellant flow rate to determine the boundary layer loss.

)
BLL (O/F)v
BLL = - (6)

My

(&F

(5% The Nozzle Divergence Loss (DL)

(v This loss accounts for the decrease in thrust due

to nonaxially directed momentum at the nozzle exit and the non-planar sonic
surface. In most cases, this loss is not significantly affected by the vari-
anve of the vaporized mixture ratio from the overall liquid flow mixture ratio.
Therefore, no vaporized mixture ratio notation is included in the definition of
the divergence loss. This performance loss, when evaluated by itself, can
usually be expressed in terms of a divergence efficiency, Np1y? which modifies

the delivered or actual thrust.

n

I"p 1

s 1 -

w = —dek . = I — D (7)
"p1v Pel Pgel “Dle

w The analytically predicted specific impulse of a

vaporization limited rocket engine can be evaluated by subtracting the above

defined performance losses from the ODE theoretical condition.

I = IS - L I 1
SP o1 PoDE sp losses
= 1 - I {ERL + MRDL + KL + BLL + DL) (8)
Sp
ODE
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IV, A, Design Anulysis (cont.)

Substituting Equations (2) through (7) for the five performance loss terms of

Equation (8) and cancelling like terms, the following final formulation is

obtained.
L3 v ] Ay
I = it WL "prv T Twm. £
Pe1 ODK(O/F) M _l Tp
)] A more detailed description of the performance

model and its corgponent losses, along with a discussion of the application of

the model to other engine programs, is given in Reference 2.
c. Application of Performance Program to Engine Design

(1)) The performance model described in the preceding section
was employed during the design phase to ensure that the contractually required
performance would be met. Injector, chamber, and nozzle parameters were recom-
mended as a result of studies to determine a near optimum system in regard to
performance. Injcctor design parameters which were considered during the
design analysis included: channel size, injection velocity, number of
elements, element spacing and element type. Chamber variables which were
defined based on the performance analyses were: 1length, shape, contraction
ratio, throat diameter and characteristic length. A low contraction ratio

(CR = 1.67) conical chamber was selected as the best configuration with
reference to performance potential. Chamber throat size was determined from
thrust and Isp requirements and the calculated combustion efficiency for the
engine, The recommended chamber lengths of 5 and 10 inches were based on
analyses which indicated that the longer length would permit required
performance to be exceeded while the shorter length would allow definition of

the "knee" of the combustion efficiency versus length curve. Nozzle design
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IV, A, Design Analysis (cont.)
selections for sea level and altitude configurations were based on ease of

data analyses and optimum performance, respectively. The sea level test

nozzle had a 2:1 expansion ratio with a nozzle half angle of 15°. This

configuration was designed to provide under-expanded flow conditions at the
exit in order to yield thrust levels consistent with the load cell capability
of the test area. Also,; the nozzle design for the sea level tests was selected
to facilitate the calculation of nnzzle performance losses in order that thrust
based combustion efficiency could ve easily determined. The altitude nozzle
selected for use with the N,0,/N_H

274"7274
ratio minimum-length Rao contour. The expansion ratio of 30:1 was a contract

injector and chamber was a 30:1 expansion

requirement; the minimum length Rao contour was used in order to provide

maximum performance within a given nozzle length.

4i)) During the course of the performance design studies,
predictions of altitude performance were made as functions of various design
and operating variables. The predicted effect of injector baffle area on
both the showerhead and the impinging stream injectors is shown in Figure 1
for chamber lengths of 5 and 10 inches. Test conditions are noted on the
figure. The steeper slope of the curves for the impinging stream injector
was a result of a predicted difference in efficiency between the showerhead
baffle elements and the impinging face elements. As the baffle area is
increased, the number of lower-efficiency baffle elements increases and
performance was predicted to decrease. With the showerhead injector, the
element efficiency was predicted to be essentially the same for the baffle
elements compared to the face elements, and the effect of percent baffle area
on performance was predicted to be negligible. Predicted values of altitude
specific impulse together with a performance loss analysis conducted during

the design phase is presented in Table I for various individual test conditioms.

(9] The data from the original design analysis presented in

Figure 1 and Table I were generated based on a predicted performance degradation
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if § IV, A, Design Analysis (cont.) :
| f
‘E % due to baffle element efficiencies. Subsequent analysis of the test data . :
‘; | indicates that the predicted inefficiency due to the baffle elements of the
':f | impinging stream injector was over estimated. As will be shown in the data
“;% ; results section, the energy release efficiency for the impinging stream injec-
E tor is 99 - 100% at both the 5~ and 10-inch chamber lengths.
i 3.  Compatibility Aualysis |
i (u) Of primary importance in this program was an evaluation of
_; the injector/chamber compatibility. In order for boundary cooling to be effec-
;; tive, it is necessary that strong outward radial gas dynamic forces at the
E injector face be eliminuted. The initial designs were thus evaluated to deter-
g mine the relative compatibility with various chambers. A discussion of the
7 techniques used for injector/chamber compatibility evaluations is presented in
% the following paragraphs. ‘
*é ()] A compatible injector/chamber design requires flow at the
% ‘ chamber boundary to exhibit: (1) minimum thermal gradients, (2) compatible |
5 ' chemical properties, and (3) a minimal gas dynamic force component normal to ;
“Mf j the wall., The compatibility model used in this program graphically character- |
: izes the element spray pattern, including its gross thermal and chemical compo- '
é sition, and the dynamic lateral movement of the resultant combustion gases. z
s This is accomplished by application of three interrelated models: the Spray %
;é Overlap and Propellant Vaporization Models, and the Dynamic Force Model. f
4 ¥
é a. Spray Overlap Model - :
,
{5 (v) The chemical and thermal environment of the flow at the
ﬁ wall of a combustion chamber is a function of the overall mixture ratio distri-
"% bution and the spray-fan mixture ratio distribution from individual injector
Page 18
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IV, A, Design Analysis (cont.)

elerents. The Spray Overlap Model allows evaluation of the intra-element
gross mixture ratio distribution within e.ch element stream tube. The gross
mixture ratio gradient definitions within .adividual element spray boundaries

have been correlated with empirical data.

w The model assumes propellant vaporization is the rate
controlling mechanism for combustion. Using this concept, the analysis was
performed in the following sequence. First, the percent of vaporized
propellant versus axial chamber length was calculated for each element as a
furction of its mass flow rate, operating mixture ratio, and atomization
efficiency by using a procedure similar to that described in Reference 4.

The combustion reactions produced by the vaporized propellants determined the
energy release potential of that element. Next, the spray area of each
element was assigned a value based on the energy release potential of that
element. Since there is a delay time until sufficient quantities of the
propellants vaporize, droplets from one elemznt's spray pattern have time to
intermix with droplets from adjacent element sprav patterns. The complete
spray pattern characterization was determined by placing the individual spray
patterns on the injector face, or at some axial chamber plane, and evaluating

the resultant overlapping zones of oxidizer-rich and fuel-rich spray.

(©) Because the HIPERTHIN injector provides propellant flow
thiough the baffle and injector walls as well as the injector face, the sprsy
fan characterization was performed at two stations. The first station was near
the injector face where the only elements are like-impinging doublets. The
like~impinging doublet elements produce elliptical spray fans near the injector
face with the major axis of the ellipse perpendicular to the plane passing
through both orifices of the element. Interelement mixing is accomplished due
to the closeness of elements. Therefore, each matrix section of the injector
face was considered a stream tube of uniform mixture ratio. The energy release
potential was then calculated as a function of axial length for the stream

tube flow emanating from each matrix section.
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A, A, Design Analysis (cout.)

) The second axial station selected for a spray fan charac-
rerization contains the stream tubes produced at the injector rface plus stream
tubes formed by the intermixing of spray along the baffle and injector walls.
The baffle and injector wall stream tubes emanated from showerhead elements

that exist on the walls.

un Because the propellant liquid was injected at different
axial planes, the vaporized mixture ratio at the injector/chamber interface
location was an integrated function of gases generated from the injector face

to that station. By extending the vaporization analysis, the vaporized mix-

ture ratio was determined at any axial station.

W) The reusults of applying this model are shown in Figure 2,
which displays the calculated vaporized mixture ratio of the stream tubes at
the chambev throat. The stream tube analysis illustrated in Figure 2 assumed
no diffusion or intermixing of gases between stream tubes and therefore repre-
sented the largest possible mixture ratio gradients. Based upon the results,
«d an assumed heat transfer coefficient at the throat, it was predicted that
an unacceptable amount of throat erosion would occur in a phenolic chamber.

Actual thermal streaking was predicted at those points which exhibited boundary

mixture ratios in excess of 0.4.
b. Gas Dynamic Force Model

(U) This model examines racial gas movement at any axial
~tation through a relaxation technique (Reference 5). Application of the model
io this injector was accomplished using the stream tubes described above.
characterization at two axial stations was made to determine the movement of
the combustion gases from one station to the next. The first station was just

ibove the baffle tips while the second station was just below the baffles.
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1V, A, Design Analysis (cont.)

From experience with baffled injectors, lack of mass flow over the baffles
usually allows large gas dynamic wind movement over the baffle tips. This
increases the local heat transfer rates to the baffles and the chamber wall

which in turn can be the cause of erosion.

(1)) Figure 3 illustrates the characterization at the above-
mentioned stations. As shown in the figure, the stream tube was subdivided so
that gas movement is more clearly shown. As would be expected from the differ-
ence in liquid injection planes, the baffle and injector wall flow have not

had sufficient time to vaporize and combust in order to completely protect

the chamber wall at the interface from the almost fully reacted propellant
coming from the injector face. While this protection is superior to an
equivalent conventional injector, it was expected that erosion with "soft"
ablatives such as the silica-phenolics, would occur in-line with the major

baffles due to increased heat transfer effects.

4. Thermal Analysis

¢)) The thermal analyses conducted prior to actual experimenta-
tion had two objectives. The first was a definition of the instrumentation
to be applie? to the chambers planned for use. The second task was the
generation of a boundary cooling grid that could be used in hardware design

and in experimental test planning.

a, Heat Sink Chamber Design and Thermal I[nstrumentation
Techniques

(1) Chamber Design Considerations
(U) The objective of thermal instrumentation was to

characterize injectors under various barrier flow conditions by providing a

map of recovery temperatures and heat transfer coefficients within the chamber.
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NOMENCLATURE
I. REGION OF HIGH GAS DYNAMIC FORCE

II. REGION OF LOW GAS DYNAMIC FORCE

%;"VECTOR REPRESENTS GIRECTION AND RELATIVE MAGNITUDE
OF GAS FLOW DURING FIRING

Figure 3. Radial Gas Flow Characterization
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IV, A, Design Analysis (cont.)

The task of determining these parameters in a barrier cooled chamber is
r

PR e e RN

considerably more difficult because the local recovery temperature cannot be

calculated from the c* performance parameter. There are two theoretical

é approaches to experimentally obtaining the local barrier recovery temperacure,

§ wvhich is the parameter of greatest interest in design of a refractory-wall

f chamber. One is to calculate recovery temperature from heat flux measurements

ﬁ using the rate of change of flux with surface temperature extrapolated to zero

g flux. The other is to try to measure the barrier temperature directly, which

§ in the chamber region approximates the recovery temperature,

]

f )] The optimum method of obtaining the required data

; was to use thin wall (0.1 to 0.2 inch) metal chambers that could operate at

g temperatures approaching the gas barrier temperature. This approach, however,

'E represented both a high-cost and high-risk means of checking out new injector

% designs. The optimum heat transfer chamber for these propellancs would have

i required the use of columbium or molybdenum, both of which would have needed

i” protective coatings to prevent chemical attack. It was thus decided to employ

%J a thermally less cptimum but physically more reliable instrumented chamber

t? design. Accordingly, thick-walled, solid copper workhorse chambers were

§~ designed and instrumented to allow measurement of gas-side heat flux.

2

?; (2) Instrumentation Techniques

¥

€§ (U) The selection of a heavy-wall copper chamber ;
; guaranteed data acquisition periods lasting up to 5 sec with minimum risk even f
~§ under the most adverse conditions. However, since the wall temperatures on .
4i the copper were limited to about 1600°F, which is only 45 to 50% of the gas

é' temperature, the data acquisition was compromised. In order tc minimize the ]
f risk in thermal data acquisition, a second approach was also empioyed. This

%‘ involved the direct measurement of the barrier gas temperature. Whereas the

ok e s
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IV, A, Design Analysis (cont.)

intent in the copper chamber design was to keep the wall coocl as long as possi-
ble to enable heat flux to the wall to be inferred over a reasonably long fire
period, the second objective was to elevate the surface temperature of the
nozzle wall to the barrier temperature as rapidly as possible. Measurcment of
the final value would then approximate a direct measurement of the barrier
temperature. This latter approach was accomplished through the use of insu-

lated tantalum~tungsten type thermocouples of extremely rapid response.

() The first goal was accomplished primarily through
practical considerations of wall temperatrvre versus baffle pattern. Thermo-
couple locations were specified in each chamber that would allow measurement

of the heat flux as a function of pattern characteristic (i.e., pockets, minor
blades, major blades). The thermocouples were arranged in five circumferential
stations and five axial stations. All copper chamber instrumentation was
specified to be of the calorimeter type. The 6.5-in. L¥* steel chamber employed

insulated thermocouples capable of reading boundary temperature directly.
b.  Boundary Cooling Analysis

U)) The major task in this program phase was the definition
of boundary flow parameters amenable to a thorough evaluation of the cooling
effectiveness of localized off-mixture ratio conditions. Specifically, it was
desired to establish the required percent off-MR flow and percent off-MR
inject“on area for boundayy mixture ratios ranging from 0.2 to 0.5. The fol-
lowing paragraphs describe the basic technique and present the results. A

more detailed description of the analysis is presented in the appendix.
)] The analysis was performed assuming an overall injector

mixture ratio of 1.4. In compliance with the injector design concept, a

further assumption was made that only the oxidizer flow would be varied to
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. LV, A, Design Analysis (cont.)

provide an off-MR boundary condition. Under these assumptions, chemical ,
composition data indicated densities of the barrier and of the core were

reasonably close for the rarge of barrier mixture ratios being considered.

It was thus appropriate to use existing barrier cooling data from air-to-air

systems with small temperature differentials between flows. Data by Seban

(Reference 6) were utilized in the analysis because of the wide range of

velocity ratios investigated and the relatively short core flow development

length provided during the experiments.

U)) The physical system considered in this analysis is
shown in Figure 4. 1In general, chree axial regions can be identified in
describing the boundary flow analysis: an initial core mixing region which
is unaffected by the wall and boundary layer development along the wall; a
transitional region in which the corxe mixing layer and the w~all boundary
laver interact and merge; and an asymptotic downstream region which follows
the complete merger of these layers into a boundary layer type flow. The

)

cooling effectiveness (n = Tcore - Tadiabatic wallchore - Tinitial tarrier
is unity throughout the first region and decreases with increasing axial
distance (X) in the other two. Of interest in this analysis was control of
the transition region, since excessive barrier flows are required to maintain
the initial region to the throat, and practical throat wall temperature

(4000°F) precludes the ..ow effectiveness values of the asymptotic region.

(w Figure 5 shows the barrier flow design curves generated

under the assumptions of comnstant fuel flow, acceleration-induced mixing com-

mensurate with a conical chamber, and transition region effectiveness values *
as reported by Seban. The abscissa of the plot represents the percent of

total propellant flow injected at off-MR boundary conditions. The ordinate

represents the percent total face area over which the boundary is injected.

The values for X (L0, 14, and 20 in.) shown on the plot represent theoretical
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IV, A, Design Analysis (cont.)

chamber lengths corresponding to cooling safety factors of approximately

0, 25, and 100% for an actual 10-in. chamber. The lines associated with each

theoretical length shown are lines of constant throat wall temperature.

The curves of Figure 5 were employed to derive a test

plan amenable to a complete evaluation of boundary cooling effectivenss in

both 10-in.- and 5-in.-long chambers. The circled points of Figure 5 illustrate
the points that were to be experimentally investigated. The required values
of boundary mixture ratio, percent off-MR flow, and boundary injection area

were then incorporated into the design of the injectors to be tested.

5. Stability Analysis

It is well known that the processes cccurring within a liquid
rocket combustion chamber are never entirely smooth. Even when the mean
operating conditions are constant, fluctuations around these mean values occur
in all of the quantities that characterize the flow. The nature of the fluctu-
ations can vary widely from one combustor to another, and in a single combustor
for different operating conditioms. If the fluctuations are random and of
small amplitude, this unsteadiness is referred to as '"combustion noise". With
random fluctuations of large amplitude, the operation of the engine is said
to be "rough", and the functioning of the system of which the engine is a

part may be impaired.

Much more serious than rough operation is the problem of
combustion instability, also termed unstable combustion, oscillatory ccmbustion,
or resonant combustion. Whereas rough combustion refers to random fluctuations,
combustion instability consists of organized oscillations that are maintained
and amplified by the combustion process itself., The various types of combus-
tion instability can be classified roughly into three categories: 1low fre-

quency, intermediate frequency, and high frequency. However, the classifica-
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IV, A, Design Analysis (cont.)

tion is not based simply on frequency alone. Just as electrical and mechanical
systems respond to specific frequencies depending on the type of coupling,

so also liquid rocket systems exhibit representative frequency and amplitude

patterns.
a. Low-Frequency

Low-frequency combustion instability, or chugging, and
intermediate instability are due to an interaction between the combustion
process and the dynamics of all, or a part of, the propellant feed system
that is sufficient to sustain oscillation in a closed loop manner. Schemat-
ically, this interaction is described by the block diagram of Figure 6. For
a sustained oscillation, a percurbation in the system must experience
sufficient gain and proper phase shift to reinforce itself after traveling
around the closed loop. Under resunant conditions, the gain is equal to the
ratio of the mixture ratio weighting factor (a function of mixture ratio and
characteristic velocity) to the flow resistance existing between the resonant

dynamics and the combustion chamber.

L) There are two dominant modes of coupling with the
combustion process. The first is an interaction between the combustion and
the propellant feed lines. The second is a coupling between the chamber and
the dynamics of the injector itself. Both processes impact heavily upon the
system design. In the former case, coupling may be avoided by providing
sufficient pressure drop through the injector circuit. In the case of
injector/chamber coupling, rescnant gain can be lowered by increasing injector

pressure drop and decreasing manifold volume.
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Figure 6. Schematic of Closed Loop Combustion/Feed System
Interaction
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IV, A, Design Analysis (cont.)
)] During the initial design phase of the hydrazine injec-

tors, an analysis was conducted to define the dynamic low-frequency stability
characteristics of the worst-case injector/chamber/feed system combination.

The system considered included a three-level injector (greatest manifold vol-
ume), the largest chamber configuration (lowest resonant frequencies), and

no propellant line pressure drops. The results of this design-phase investiga-

tion are shown in Figure 7.

v The objectives of the analysis were threetold. First,
it was desired to establish the frequency boundaries within which instability
could potentially occur. Secondly, it was desired to establish the lowest
natural frequencies of the injectors themselves. Finally, it was necessary to
determine the gain curve associated with each injector coupled to the combus-

tion process.

) The zones of stable and potentially unstable operation
for each injector are shown in Figure 7. The crosshatched areas represent
zones of stable operation. The boundaries of these zones were established

through consideration of the equation:

2 cx e 3uTg foxid , “ruel
Zps Ag | 1+ JuTy Zoxid  ZFuel
where:
Zc = Impedance of combustion process
ZFS = Impedance of total propellant feed system
T = Time from propellant injection to combustion
T, = Time from combustion plane to throat
w = TFrequence of oscillation
K = {onstant (includes e etc.)
MR’
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The assump.ion w.s made that no resistance existed in the propellant feed cir-
cuit, thus setting the feed circuit phase shift limits at -~ maximum of +30°.

By nlotting the combustion process gain-phase curve (represenced by the term

-juT
c*® e J

Atg 1+ jut

1
2

phase shift limits upon this curve, it was possible to define frequency limits

) for a range of frequencies and superimposing the feed system

below and above which the system would always be phase-stabilized (i.e.,

£ + 9

- o N ) ,
feed system # -180°). The area between these limics represents

combustion
a ~one of potential instability. (The instability zones in Figure 7 will in
actuality bc narrower, since the addition of resistance to the feed circuit

will reduce the maximum phase shift to a value less than 90°.)

(v The second task was accomplished through a consideration
of the capacitance and inertance inherent to the injectors themselves. Using

the equation
- 1/2

R T I
£ =3 LLC

where:

frequency

[
[}

circuit inertance

circuit capacitance

It was found that the natural frequency of both injector fuel ci.cuits fell
within the phase-stabilized zones of the system. The oxidizer circuits had
natural frequencies of 280 cps and 502 cps ror the showerhead and impinging
injectors, respectively. In both cases, however, the gain, or ability of the

circuit to amplify the oscillation, was found to be less than zero db. Thus,
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IV, A, Design Analysis (cont.)

injector-sustained oscillations of significant amplitude were not expected.
Also, since the additive gain of the feed lines could have been reduced to
insignificance by adding resistance to the circuit, no significant oscillations

were expected from the injector/feed line combination.

b. High Frequency

(1} General

U) In this section attention will be focused on the
third type of combustion instability, namely, high-frequency instability.
This type depends upon a coupling between the combustion processes and flow
oscillations in the combustion chamber. Such coupling requires no input from
the feed system. The frequencies to be expected are in the thousands Hertz

range.

(W) At the present time, the most completely developed
theury of high frequency combustion instability is the Sensitive Time Lag
Theory (Reference 7, 8, 9, 10, 11) developed by Crocco and his co-workers at
Princeton University. The theory is based on the analysis of the stability
of small perturbations from the mean operating conditions of the thrust
chamber. For aralytical simplicity, the gradual conversion of reactants tc
products is replaced by a step-function, thus defining a total combustion

time lag associated with each element of propellant. It is further assumed

that, during the time period between injection and combustion of a given element

of propellant, there exists a period of time during which the rate controlling
processes are sensitive to local combustion chamber conditions (such as
pressure, temperature, gas velocity). This portion of the time lag is referred
to as the sensitive time lag (t). The degree of sensitivity is measured by

the interaction indices, each index being associated with one of the local
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IV, A, Design Analysis (cont.)

perturbation quantities. The interaction index, n, measures the pressure
sensitivity of the combustion process. From the perturbed conservation
equations for flow with combustion in the thrust chamber, a characteristic
equation is developed which establishes the conditions for neutral stability
‘i.e., the conditions for which a small perturbation wili neither grow nor
decay). These stability limits are conveniently represented in the n,t
plane. For a given thrust geometry and operation conditions, the n,T zones
can be calculated. A typical set of limit curves for the 6.5-in. L* copper
chamber is shown in Figure 8. The curves represent the locus of n,t points
at which the system would be neutrally stable. The region below the curves

represents the stable region; that above the curves represents the unstable

region.

) It is postulated that each injector has associated

with it a particular value of n and t which, when located at the n,t plane
relative to the calculated zones, can be used to determine the stability of

Lt 2 system. Since the theory considers only small perturbations, the stability
predicted refers only to spontaneous instability. For pulse instability, only

semi-quantitative results are obtainable,
(a) Definition of Unstable Modes

Q0)] It has been observed through the study of
combustion instability that unstable pressure oscillations generally assume

the characteristics aud frequencies of the resonant acoustic modes of che
combustion chamber. Therefore, it is desirable to understand the characteristics
of t..e acoustic oscillations in order to investigate the character of a com-

parable unstable combustion oscillation.
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IV, A, Design Analysis (cont.)

)] Acoustic oscillatory modes can be separated
into three distinct categories: (1) transverse modes--those involving either
radial or tangential pressure variations in planes perpendicular to the
chamber axis; (2) longitudinal modes--those involving only pressure variations
parallel to the chamber axis; and (3) combined modes-~those involving
characteristic pressure variations of both longitudinal and either transverse

mode, or of both of vhe transverse modes simultaneously.

{b) Transverse Modes

AR e i g m S A T N MO S e iy RS LI,

¥ w) The frequencies of transverse modes approxi-
K mate either the fundamental or higher harmonic frequencies of acoustic oscil-
fid

1} lations in a circular cylinder. The frequencies can be' computed frxom the

2 following equation:

b

- a-3S

NH

:

= vhere: a = speed of sound, ft/sec (a = vkgRT)

&

E £ = frequency, Hertz

f T, = chamber radius, ft

4 H = represents the ch zero of the derivative of a Bessel
B function

*é N = order of the Bessel furnction

S = N =
3 - argument, x, at JN(x) 0

4 JN(x) = Bessel function of the first kind of the order N

, - :

: JN(x) slope of JN(x)

8 = angular coordinate

f |
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1V, A, Design Analysis (cont.)

Further amplification of the term S ., may be necessary to fully understand its

NH
usage in Equation 1. SNH is the value of the argument, x, corresponding to

maxima and minima of the Bessel function of the first kind, JN(x), or in other
words, points where J&(xﬁ = 0. The subscripts N and H are indices that assume

distinct values for each particular mode of transverse oscillation.

v) The various pressure oscillations have frequen-
cies associated with the acoustic oscillation frequencies calculated by
Equation 1. The fact that there is a pressure oscillation implies that there
is an associated oscillatory motion of the combustion gases. In the case of
the fundamental transverse modes, the entire chamber cross-section planar area
ic associated with this oscillatory motion. Each succeeding fundamental mode
divides the chamber cross-sectional area into smaller areas; e.g., the second
tangential mode has two areas each of positive and negative pressure concen-
tration, the third has three each, etc. Some sample pressure and velocity
patterns for transverse modes are shown in Figure 9. By looking at these
patterns and referring to the above discussion, pressure and velocity patterns
for any harmonic of either a pure tangential or pure radial mode can be

defined.

(v In this particular application, only the trans-
verse mode was considered a possibility. Both longitudinal and combined modes
are heavy damped by the nozzle relative to transverse modes. The assumption
was thus made that the damped modes would not be experienced. The following
sections present a brief review of the theoretical effects of »affles, injec-
tion distribution, and chamber geometry on the transverse modes. The last
section presents the baffle patterns selected and the modes to which they

would be effective.
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IV, A, Design Analysis (cont.)
(c) Theoretical Effect of Baffles on Stability

41)) Injector face baffles are intended as a damp-
ing device only for transverse modes of high-frequency instability. These
modes are characterized by acoustic pressure and velocity variations parallel
to the injector face. In general, the principles of design for baffles to

damp pure transverse modes apply equally well to the combined modes.

v) Of major concern in the design of an effective
baffle is the location of the baffle relative to the gas particle paths since
the oi1ffles constitute an obstruction to particle motion. For example, with

the exception of the first tangential mode or combinations thereof, the trans-
verse velocity at the center of the injector is zero. In general, as tangential
modes become of higher order, the major gas particle motion and pressure varia-
tions are l’mited to the outer circumference of the chamber. This characteris-
tic becomes important in considering the placement of baffles to suppress the

higher order modes.

(€D In the case of pure radial modes, the velocity
perturbations are limited to the radial direction and, as in the case of the
tangential modes of higher than the first order, no gas particle motion is

present af the injector center.

v The mechanisms from which baffles have been
postulated to derive their damping effects fall into three categories: protec-
tion of the sensitive flame region, phase stabilization, and gain stabilization
or increasing damping. Protection of the sensitive flame region is postulated
to desensitize the precombustion ;vocesses (e.g., mixing and vaporization) to
perturbations. Phase stabilization results from significant changes in reson-
an. acoustic modes of the combustion chamber so that the sensitive frequencies

associated with the combustion process are no longer in the vicinity of the
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IV, A, Design Analysis (cont.)

chamber resonances. Gain stabilization, or increased damping, is postulated
to be the result of two possible mechanisms; increased damping due to addi-
tional viscous losses resulting from the increased surface area introduced by
the baffles, and the scattering of energy into other modes that are easily

damped. The former is considered a second order effect.

(V) The optimum number of blades for any baffle

configuration depends primarily on the mode of instability to which the system
is most susceptible. For example, referring tc Figure 9, the selection for a
baffle configuration to damp a first tangential mode would be a three-bladed
baffle. It is also apparent from Figure 9 that a one- or two-bladed baffle
could, at the most, only cause the mode to stand in the baffle cavity with the
velocity antinodes located 90° from the baffle. The same type of logic applied
to a second tangential mode would iIndicate that a symmetrical three-bladed
baffle would be effective and that the two- ond one-bladed baffle would not.
Also--not as obvious, but equally true--a symmetrical four-bladed baffle would
have little or no effect because the mode can be set within the baffle cavity

with the velocity antinodes located 45° from the baffle radial legs.

)] Extension of these considerations to the higher
order tangential modes leads to the generalization that a radial baffle system
having an odd number of blades (with the exception of a single blade) would
offer protection from modes which are of the order less than the number of
blades. Also, an odd number of blades would provide, to some degree, protec~
tion from modes of an order higher than the number of blades, provided the

order of the mode divided by the number of blades is not equal to an integer.

q1)) The generalized description of a technijgue for
selection of a minimum number of blades does not necessarily indicate the

optimum number of blades to maximize chamber damping and/or change chamber
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IV, A, Design Analysis (cont.)

resonant frequencies. Experimental results must be relied upon for this.
Other design criteria may also be substantiated from experimental data. Some
of the general rules applying to baffle design which have been experimentally

verified are follows:

1 An odd number of baffle blades is best
for the tangential modes, providing the order of the mode divided by the num-

ber of blades is not an integer.

2 For the radial modes, hubs located at

the velocity antinodes indicated in Figure 9 are best. The minimum number of
hubs required are equal to the order of the mode (i.e., first radial requires

onie hub).
3 Making the baifle compartments too small
may be detrimental. A vaffle characteristic cavity dimension (W) in the range

0.2 2, < 0.4, where A =‘%, appears to be most desirable,

4 Baffle length to chamber diameter ratios

in the range of 0.2 to 0.3 appear to be optimum.

(d) Theoretical Effect of Injection Distribution
on Stability

(W) The exact analysis of unsteady, two-phase
turbulent flow with combustion distributed arbitrarily in three dimensions is
quite a formidable problem. An approximate method has been developed
(Reference 12) in which the nonunif.rm transverse injection distribution
appears as a variation in the seasitivity of the combustion process as

determined by the Sensitive Time Lag Theory. From the Sensitive Time Lag
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IV, A, Design Analysis (cont.)

Theory, it is apparent that the greatest stability can be obtained by maximiz-
ing the interaction index required for neutral oscillations, i.e., by moving
the unstable region upward on the n,t1 plane. According to the approximate
analysis of Reference 12, waximum stability is associated with minimum values

of the distribution coefficients as calculated therein.

(U) One of these coefficients is the pressure

coefficient, A, which varies with injector radius as shown in Figure 10 for

the first and second tangential modes and the first radial mode.

1¢1))] For the tangential modes, A reaches a maximum
at the chamber wall (ri = 1) and goes to zero at the center of the injector
mode. Therefore, maximum stabilization for the tangential modes is achieved
by injection of the propellants at the chamber wall. On the other hand, the
£irst radial mode reaches its most destabilized condition with injection at
the center because the center of the injector and the chamber wall represents
pressure antinodes f\ r that mode. Absolute stability of the radial mode is

achieved at r, = 0.627. Therefore, for the case of concentracted combustion,

sensitive only to pressure effects, the first radial mode of instability
could be expected with injection in the interval 0 < r, < 0.42, and the
tangential modes of instability could be experienced for 0.61 < r, < 1.0,
Stable operation could be expected in the central interval, 0.42 < r, < 0.61,

since coefficients for both modes are velatively low.

(w It can be seen that an effective approach

tecward instability suppression would be to concentrate the combustion near
pressure nodal points. This concept can be extended to suppress specific modes
of transverse instabilities. The methods of Reference 12 show the methods

used to apply this to the n,t plots obtained from the Sensitive Time Lag

Theory.
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1V, A, Design Analysis (cont.)

Q1)) In general, the effect of barrier cooling (the
injection of a significant amount of low mixture ratio propellants) corresponds
to a low injected mass flux near the chamber wall. The effect on the stabiii-
zation of the svstem by the barrier cooling is a beneficial one for the tan-

gential acoustic modes but somewhat destabilizing to the radial modes.
(e) Theoretical Effect of Chamber Geometry

w Theoretical basis exists for changes in insta-
bility behavior with chamber geometry. Priem's theory suggests that the use

of a chamber with a low contraction ratio to increase the velocity difference
between the injected liquid propellant and the surrounding gas will lead to
increased stability in the transverse modes. This hypothesis was verified with
earth-stable propellants (as reported in Reference 13) with a 15° half angle
tapered chamber. Additionally, it is known from the Sensitive Time Lag Theury
that a large L/D chamber will tend to provide a stabilizing influence on
transverse modes. In this case, however, the longitudinal modes tend toward

destabilization.
(£) Application of Theory to Engine Design

(c) During the proposal phase of this program, a
4,0~in.-dia HIPERTHIN showerhead injector, tested using N204/N2H4 as propel-
lants, proved to be unstable when fired without sufficient provision for damp-
ing the acoustic modes of the chamber. A sufficient provision for damping,
based on these test results, proved to be seven radial baffles 0.7 in. long,

a 0.2-in. hub baffle, and radial baffles that further divided each long baffle

compartment (Figure 11).
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Figure 11. Preproposal Injector Pattern
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IV, A, Design Analysis (cont.)

The results of the above program were reviewed,

and, in light of these data and the theoretical considerations mentioned

earlier, a stabillity analysis was completed. This program differed from the

proposal effort in three major ways: (1) the presence of a significant
amount of low mixture ratio (MR) barrier cooling, (2) an injector diameter
decreased from 4.0 in. to 3.5 in., and (3) a contraction ratio (Ae/Ac)
decreased from 2.34 to 1.67. The latter change corresponds to a theoretical

increase in the chamber Mach number from 0.26 to 0.38.

The barrier cooling percent flow/percent area
values correspond to an injected mass flux distribution near the chamber wall
of only 0.5 and 0.67 as compared to a uniform injected mass flux distribution
of 1.0. The 34% and 16% injector areas correspoud to about 19% and 8% of the
chamber radius, respectively. These are significant stabilizing influences
for the first, second and third tangential acoustic modes but slightly

destabilizing to the first radial mode.

As stated in Section IV,B, each phase one
injector had provision for fabricating three unique baffle patterns, each
0.7 in. long from injector face to downstream baffle tip. Of the three baffle
pattern designs, the first was based on the cylindrical coordinate system with

radial baffles, a concentric ring or hub baffle, and two baffle lengths

(Figure 12).

The second baffle design was based on the
rectangular coordinate system and looked like an '"egg crate'. It was also
composed of two different length baffles as is shown in Figure 12. Both the
designs anticipate that the unstable modes for this injector would be the
first, second, and third tangential (1T, 2T and 3T) and the first radial (1R).

These two baffle designs were chosen to duplicate as much as possible the
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IV, A, Design Analysis (cont.)

4,0-in.~-dia baffle pattern inasfar as the actual size of the baffle pockets .
are concerned, while increasing the baffle lengths relative to the chamber

diameter to compensate for the loss in the number of baffles, The third baf-

fle design consisted of seven constant length radial blades only with no pro-

vision for the first radial mode (Figure 12).

(C) The stabiiity characteristics of the first two
baffle designs were expected to be very similar to that previously experienced
on tha 3000-1b thrust HIPERTHIN injector tested with Nz°4/N2“4 propellants,
This was despite the small improvement expected from the slightly reduced mass
flux puer unit of injector area near the chamber wall due to the barrier cool-
ing and due to tha higher chamber Mach number. The third baffle design was

expected to provide an avaluation of the first radial mode.

w) The frequencies of oscillation of the acoustic
modes expected were: first tangential at 8000 cps, second tangential at
13,000 cps, first radial at 16,000 cps, and third tangential mude at about
18,000 cps.

6. Fabrication Analysis

(9] A degree of effort was expended in reviewing fabrication tech-
niques that had, in past programs employing platelet hardware, resulted in suc-
cessful component assembly, Specifically, fabrication procedures and tolerance
limits techniques were reviewed to ensure that anticipated problems due to
leakage between end plates and the platelet stack, and plugging of propellant

flow channels during the braze operation would be avoided.

©) The former problem had been encountered on those injectors
whose massive end plates doubled either as manifold casings or bolt flanges.

The problem of end plate separation is a result of unequal cooldown between the

-~
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IV, A, Design Analysis (cont.)

thick end plates and the platelet stack after brazing. Resulting thermal
stresses cause the end plates to pull away from the stack, leaving voids
through which propellants could leak externally, The use of thinner end
plates, or end plates containing grooves to promote even cooldown have been
proven effective; however, these techniques could not be applied in this pro-

gram because of the need for bolt flange material.

«©) The solution to the end plate problem was to use blank plate-
lets between the platelet stack and the end plates. These blanks, first
employed in the injectors of Contract NAS 8-21052 and inr a hydrazine injector
built during the proposal stage of this contract, consisted of unplated steel
stock void of any active propeliant channels., It was found that by placing
one blank at each interface, propellan: was restrained from leaking through
any gaps formed at the end plate. In essence, the blank became the active

end plate and the actual end plate served only as a flange.

(9] Orifice plugging was solved by compiling a history of braze

plugging as a function of braze alloy thickness tolerance. Spare platelets
for injectors fabricated on prior programs were metallographically analyzed
to determine the exact alloy thickness present on each. Plating thickness
variations were correlated with braze success to define the absolute plating
tolerances required. By cefining the amount of plating required and the

tolerances applicable to this thickness, it was possible to fabricate six

injectors during this contract that were free of copper plugging.
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IV, Design (cont.)
B. MECHANICAL DESIGN T

) The second task of Phase I dealt with the actual design of the
experimental hardware. The results of the analyses previously described were
used to generate initial multi-purpose configurations. Subsequent test data
obtained with these injectors were then incorporated into the design of the

final demonstration unit. The following paragraphs describe the design of all

program hardware.

1. Injector

© The design selected for use with N204/N2H4 was of the HIPERTHIN
type. This concept is an Aerojet—General developed and owned design which
represents a new approach to thu design and construction of lignid rocket engine
injectors. The injector face contains thousands of small slots several
thousandths~of-an-inch wide. Each slot is connected to either a fuel or an
oxidizer manifold by means of a precisely controlled flow passage that accurately
meters propellant flow to the slot. The small size of the feed slot and the
minimal spac.ng between slots gives this injector its unique properties of

excellent atomization and intimate mixing.

©) The key element in construction of this injector is the plate-
let; a thin sheet of metal (typically 0.001 to 0.020 in. thick) which has a
pattern of flow channels and holes etched into its surface. Two types of
platelets are used in an injector: fuel platelets and oxidizer platelets.

The primary differences between the fuel and oxidizer platelets are in the lay-
out of the flow passages. The outer contour of the two platelet types is the
same. The injector is formed by altarnately stacking fuel and oxidizer plate-

lets and bonding the stacked platelets together to form a single integral unit.
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IV, B, Mechanical Design (cont.)

(1)) The specific program injector designs were generated in three
phases. The first phase produced multi-purpose hardware amenable to rapid
modification. The second phase hardware incorporated only those character-
istics proved feasible with the original units. Thesr injectors contained
provisions for relatively few baffle iterations. The final injector design
was the culmination of the phase one and two injector results. This last unit

essentially "froze" the injection type, baffle pattern, and manifolding design

applicable to the N204/N2H4 application.
a. Phase One 1njectors

(©) The phase one injectors used in this program were
designed to one basic criterion: to allow a maximum number of iterations in
baffle configuration with a minimum amount of hardware. In compliance with
this criterion, the first injector types were designed to include multiple
face levels within a single unit. These levels are vividly demonstrated by
the platelet drawings shown in Figure 13. It may be seen that both metering
platelets contain three zones of narrow channels, followed by considerably
longer channels of greater width. The narrow channels provide a high injector
pressure drop, thus distributing the flow uniformly and preventing low-
frequency instability. The long, constant width channels provide zones into
which any stabilizing blade configuration can be machined. Because nearly all
of the injectoxr AP is taken through the narrow channels, the differential
channel length resuiting from face contouring does not appreciably change the

total AP, nor does it result in areas of high and low fiow rate,

© The platelets of Figure 13 are illustrative of an
impinging injector, one of two basic injector types which was designed and
subsequently evaluated. The operation of the impinging design is explained

with reference to the platelet drawings. Since the injectors are baffled to
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1V, B, Mechanical Design (cont.)

a contour similar to those of Figure 12, the injection elements do not all lie
in a single plane but form a contoured surface of various elevations ranging
from the baffle tips to the flat pockets between the baffles. These two
extremes of the injector face elevation are indicated by the lines shown on

the platelet drawing. Consider first the plane surfaces in the pockets between
the baffles. These surfaces are formed by cutting the platelets back to any of
three levels indicated by the solid lines. The channels at these points on the

platelets form like-on-like impinging doublets.

(Cc) The pattern formed at the baffle tips is the result of
cutting the platelets to the lower, or dashed, lines. The channels at these
points are wider than at the impinging levels so that the injection velocities
are lower, The pattern is essentially a showerhead pattern, as is the pattern
at any point between the face level and the baffle tip level. By designing
three impinging/showerhead levels into the platelets, it was possible to fabri-
cate a single unit capable of demonstrating a minimum of three unique baffle
configurations, or a greater numbex, depending on the number of minor itera-

tions performed within each level,

(9] The separator platelets applicable to the phase one
impinging injectors are shown in Figure 1l4. Those platelets, which are placed
between fuel and oxidizer metering platelets, contain noncritical flow passages
only (see Section V). One item of significance in these platelets is the depth-
etched pockets occurring at intervals down the platelet in the direction of
propellant flow. Reference to the metering platelets of Figure 13 will show
that the through-etched flow paths in the metering platelets were not continuous
but stopped at the inlet and exit of each impinging pair. The etched pockets

in the separators were used to channel the propellant flow past these

metering platelet obstructions. This flow path was incorporated for two

reasons. The first was to avoid the long, unsupported metering platelet
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IV, B, Mechanical Design (cont.)

) filaments that would have existed side by side had the through-etched flow
paths been made continuous. The second reason for the pockets was to induce

- a degree of turbulence into the propellant flow as it left the impinging
orifices and went into the showerhead zones. By forcing the propellant to
turn as well as spread, the transition from high velocity impinging flow to
low velocity showerhead flow was more rapidly achieved. As shall be discussed
(Section V), these pockets posed severe fabrication difficulties and were sub-

sequently deleted from the design.

(9] The second type of injector designed during the phase

one cffort contained only showerhead injection elements. This unit, the
metering platelets for which are shown in Figure 15, differs from the impinging
injector in the method by which atomization and mixing are achieved. The

impinging injector relies primarily upon stream impingement for mixing. The

showerhead injector is dependent upon pattern fineness for its atomization and

mixing. This fact is exemplified by a comparison of pertinent platelet data.

< | Showerhead Impinging
% Injector Injector
'; Thrust, 1b 3000 3000
} Total. Number Platelets 530 281
{
; Separator Platelet Thickness, in. 0.010 0.020
1 Maximum Slots/Platelet 50 40
2 % Total Number Injection Slots 10,954 4336

Oxidizer  Fuel Oxidizer Fuel

Flow Rate, lb/sec 5.46 4,54 5.46 4.54
Metering Platelet Thickness, in. 0.003 0.003 0.004 0.004
€

Injection Velocity @ Face, ft/sec 11.5 10.6 50 60
Injection Velocity @ Baffle, ft/sec - - 15.5 16.5

i

!
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IV, B, Mechanical Design (cont.)

It may be seen from the above table that the showerhead injector pattern is

considerably less coarse than that of the impinging unit. Because of this

pattern fineness, the showerhead injector was felt to potentially offer a more

uniform, turbulence-free combustion gas. The piatelets of Figure 15 were thus

designed for incorporation into a showerhead unit.

It may be seen from Figure 15 that the showerhead plate-

(©)

lets offer greater versatility for rework in that the face levels are not

limited to specific positions. Each showerhead injector, as designed, is thus

representative of many potential units.

The separator platelets applicable to the showerhead
These platelets are essentially identical to

()
unit are shown in Figure 16.
those used in the impinging unit, with the exception that the showerhead plate-

lets do not contain depth-etched pockets in the flow paths.

The fuel elements in both injectors were cross-fed from

(C)

an internal fuel plenum located on one side of the injector (Figures 13 and 15).

Fuel separators were depth-etched in the wanifold region to allow low velocity
and, thus, evenly distributed flow through the manifold area. Metering plate-
let support strips, sandwiched between opposing lands in the separator manifold

areas, prevented the fuel manifold inlets from collapsing either during brazing

or actual operation.

(9] The fuel platelets of both impinging and showerhead

injectors differed from the oxidizer platelets in number of elements as well

As shall be discussed in Section V, the circular
In

as in manifolding design.
injector face is machined from the square platelet stack after brazing.

the oxidizer circuit, where all platelets have an equal number of flow pas-

sages, the circular machining leaves dead-ended orifices in the areas formed
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1V, B, Mechanical Design (cont.)

by the corners of the original square stack. It is possible, in the oxidizer
circuit, to prevent propellant filling of these orifices by sealing the external
inlets at the back or manifold surface. The internal plenum of the fuel circuit
prohibits such sealing. Passages not machined open during the circular face
machining would be fed propellant nonetheless. This would result in hydrazine
traps within the injector and, thus, possible detonation zones during injector

operation.

(C) To avoid the dead-ended hydrazine orifices, the fuel
platelets were designed with "stepped" fuel orifices. The phase one injectors
contained 18 unique fuel platelets, each of which had progressively fewer
orifices. By stacking these platelets in sequence, it was possible to form a
stack in which the outer periphery of active fuel elements simulated a circle.
Circular face machining could then be accomplished on a diameter slightly
exceeding the outer-element diameter with no intersection of active fuel ori-

fices or formation of dead-ended passages.

(C) The oxidizer channels were fed from an external plenum

on the opposite side of the injector, as shown in Figure 17. This plenum was
smaller in diameter than the active face area to block the outermost ring of
oxidizer elements from impinging or spraying directly on the chamber wall. An
external plenum was adopted to allow variation of the oxidizer inlet flow and
generation of an off-mixture ratio boundary. As seen in Figure 18, a flow
distribution ring was inserted inside the oxidizer circuit of the bolt-on mani-
fold cover. These rings, designed to provide the wide variation in boundary
misture ratio discussed in Section IV,A,4, effectively split the incoming
oxidizer flow between the main core and the boundary. By starving the oxidizer
flow to the boundary, fuel-rich and, thus, cooler boundary combustion was
achieved. Boundary mixture ratio variation was achieved by simply replacing

the cooling ring. As shall be discussed, these methods of manifolding were
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IV, B, Mechanical Design (cont.)

unchanged throughout the program. The use of a separate cooling ring was

maintained until optimum cooling conditions had been established.

b. Phase Two Injectors

(C) A completed injector of the phase two design is shown in
Figure 19. Corresponding platelets are shown in Figure 20. It is apparent
that the greatest change effected in the phase two design was the elimination
of the multipurpose component and adoption of a single-level design. This
change was practical after test results generated on phase one hardware had
allowed selection of near optimum baffle patterns. A second change in the
phase two design effort was the elimination of the showerhead injector type.

The test results presented in Section VII,A delineate the reasons for this

change.

1)) The resulting phase two impinging injector was identical
to that of phase one with three exceptions: elimination of the three-level
design, elimination of the depth-etched flor transition pockets in the separa-
tors, and elimination of the stepped-fuel orifice technique. As shall be
discussed in Section V, the former two design modifications were generated to

aid in the fabricability of the units. The stepped-fuel orifice design was

changad for economic reasons.
c. Final Injector

) The design of the final injector is reflected in the

platelet drawings of Figure 21. The single-level design of phase two was

retained, as was the impinging element aud the method of propellant manifolding.

The basic changes made in the design were twofold: first, the technique of

stepping the fuel platelets to avoid trapped hydrazine was resumed; and second,
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1V, B, Mechanical Design (cont.)

the orifice width in the showerhead region was reduced from 0,065 in. to
0.040 in. This latter change was effected to increase the injection velocity,
thus promoting more uniform mixing, and to decrease the unsupported orifice
area between supporting lands (see Section VIII,C). As a result of these

changes, orifice deformation and platelet splitting were eliminated.

(C) A third change incorporated into the final injector was
in the oxidizer manifold flow distribution ring. Test data generated with
phase one and phase two hardware allowed parametric evaluation of performance
versus boundary cooling., The final injector benefited from this analysis in
that the optimum cooling requirements were known and a fixed cooling ring

could be built into the manifold cover. This change is shown in Figure 22. 1In
the final injector, sealing between the core and the boundary was obtained
with a knife-edge aluminum crush seal bearing directly on the tops of the

oxidizer platelets.

2. Ancillary Hardware

a. Chambers

w The thrust chambers employed in this program were
designed in reference to specific tasks. Three analytical areas defined the
chamber requirements: stability, performance, and injectox/chamber
compatibility. Major details of the chamber designs were unique, depending
upon the analytical task to which the chamber was to be applied. Common to

all chambers was a contraction ratio of 1.67:1 and a sea-level nozzle expan-

sion ratio of 2:1.

Q)] The chamber used during all dynamic stability evaluation

tests is shown in Figure 23. 1Its detailed design is shown in Figure 24,
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IV, B, Mechanical Design (cont.)

This chamber, made of mild steel, was designed with a long injector-to-throat
length (10 in.) to accommodate a full array of stability-evaluating devices.
Ports were included for installation of three water-cooled Photocon high-
frequency pressure transducers, two of which were coplanar 1.5 in. from the
injector in line with an upstrxeam unit. On the side opposite the in~line
photocon ports, a pad was provided for installation of an accelerometer.

Conventional Tabor pressure transducers were installed for measurement of

chamber pressure.

1)) A tangential pulse gun port and a nondirectional bomb
port were included in the steel stability chamber, both located 1.5 in. from
the baffle tips. The pulse gun was sized to accommodate Magnum shell casings.
The bomb, shown in cross section in Figure 25, was sized to receive 13.5-grain
plastic explosive detonators. Since the bomb port was sealed during operation
by an external Swage-Loc fitting, it was possible to position the detonator at
any point in the chamber from the edge to the injector center. The detonator
itself was encased in a Teflon sleeve, the design for which assumed burn-
through after 1.5 sec of exposure to the steady-state combustion products.
Both the pulse gun and the nondirectional bomb we.e fired electrically, the
pulse being induced normally after 0.5 sec of operation and the bomb at

1.4 sec into the test (thus minimizing possible shrapnel from the Teflon

casing).

w) Unlike the remaining chambers, the steel stability
chamber had a bolt flange at the aft end of the nozzle. This flange was
incorporated to allow in-place Photocon calibration through use of a bolt-on
nozzle cover plate and to permit attachment of an altitude can for subsequent

altitude start tests.

Page 72

UNCLASSIFIED




T e VRS

UNCLASSIFIED

Report AFRPL-TR-69-122

uSTsaQq quog TBUOTIVDATQ-UON 67 2anBT4

1404dnS gwWwog VL3N

ONISYD NOT43L 40.1v¥NOL3A
L-19585LL ™\

A
¥ eaaart AL DRSS 7 7

. ﬁ“r ' yig ==
[

02L°0 -.&.r -
A § Y

= e - /i

| A
ANNOdWOJ ONILLOd JSL

SIIM av3a

—_— 000°9 -

Page 73

UNCLASSIFIED




UNCLASSIFED

Report AFRPL-TR-69-122

IV, B, Mechanical Design (cont.)

1)) A chamber representative of those used in performance
analysis is shown in Figure 26. Four chambers were designed for this task.
Three were copper; their configuration and dimensions are tabulated in

Figure 27. The fourth chamber was of steel and matched the 5-in.-long
(injector-to-throat) copper chamber. All performance chambers had provisions
for at least two Photocon pressure transducers and one Tabor pressure
transducer. The copper chambers were instrumented with 18 gas-side thermo-
couples; the steel performance chamber was instrumented with six gas-side

insulated thermocouples (see Section V,C).

U)) The performance chambers were used in all tests pertain-
ing to the evaluation of combustion efficiency, characteristic length (L%)
effects, or wall temperatures as a function of boundary cooling parameters.

The Photocon transducers were monitored; however, the performance tests were

not pulsed or bombed.

v The remaining program task--~injector/chamber
compatibility--was accomplished through use of phenolic streak chambers, one
of which is shown in Figure 28. These chambers consisted of conical mild
steel shells containing contoured chamber/nozzle liners of WBC 2230 silica
phenolic. Provisions were included for monitoring chamber pressure and back-
side wall temperatures. There were no Photocon ports for evaluaticn of high-
frequency pressure waves, since the injector was fully qualified before the

compatibility chambers were designed.
b.  Bipropellant Valve
w The only remaining design task applicable to this program

was the derivation of a thrust chamber valve. Four criteria were used in valve

selection: (1) ease of rework, (2) separate and individually controlled valve

Page 74

UNCLASSIFIED

o




loquely) douBwiavjlad 1oddo) 1 Ydul 69 "9g 2an3dTy

2R o A R R 2 { s en gy o

PR S AL R AES Zof

Page 75
UNCLASSIFIED

UNCLASSIFIED
ALRPL -IR 64100

Report

O T R



1
i

t
'
3
i

R EE Y
.
i

L

AL L &

siaquey) 1addo) joO sTTelaq usTsaQ L7 2an81j

—
TR ) ~ 03)vds
! 052" L = 0£0°0 ATIVN03 SIOV1d 8 .
woSE* L I " Q¥HL VIQ 22070
/ Z A
o~ T
o~ 1
1 ! — \Iﬂ
¢ = N .. ﬂ n. [}
, Ll © vid  yio __vig ! __.via - . L
o = O0vS e OLLC . 005°€ via o
——— = M ! i 05°L - O —
& : , w ! ! 7 | J15v8 . A
o y o
“ m § 43 o6l \\\\\%ﬂk@\\\\\x\ Z via 0579 o <<
[ < VA | g R~ )
= o | As140d H0J0LOHd z =
: = o S30Yd 2 . =
w & cmle-3TONY 3 —=005° Li=— )
' < - g —— .
5 wadw
0t ol
0LE°S - 0E oL | +0¢ oL | 0L0o°E | €-
: oe°z | oogce | .0E ot | 4OE o7 | 0LO°S z-
1 ole°2L | 05679 | .9l 02 | 9L o2 | OLO°OL} 1-
WI0D |vidd]| 3w 3 | 43 |y 9| ON
4 (,0£ ,0%) | 379NV @ HSYa L=
i %0018 _NOILVIngyL
. W
£ y
i
; !
: “




Pk N e o e e

BN D

e

N

N

UNCLASSIFIED

O e

.

£ Ak

Keport AFRPL-TR-69-.22

DL 154 51 gt

X DT A e Sy AT ST i ] § e g 8 Rl o i €y RS A e g A Y

puj piemloj - JI9qQuEY) }EdIIg DTToUdYq gz 2and3T

-
1d000,d 3y

Fo <bian o ‘
A fika 5 rnvl. LS5 e won B IR Lt s B g o S e A

gt

Page 77

SR e

el
-

UNCLASSIFIED

P e g e

PR

o

s SLSIaoY

|




e g |

UNCLASSIFIED |

Report AFRPL~TR-69-122
IV, B, Mechanical Design (cont.)

pintles, (3) minimum manifold size, and (4) close coupling between the valve
and the injector. The valve designed and buily to satisfy these requirements
is shown in Figure 29. This valve consists of two identical 3/4~in.
pneumatically operated pintle valves. The valve type was selected over the
smaller and lighter conventional bipropellant valves in compliance with the
desire to simplify any required rework or valve modification. Biprepellant
valve characteristics and the associated close coupling with the injector were
achieved by placing both valves in a common body, as shown in Figure 29,
Individual operators were employed on each pintle shaft; provisions were
included, however, for a yoke that could be applied to the shafts, permitting

simultaneous valve actuation should test results deem this feasible.
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; SECTION V

g

b FABRICATION

? (9] The primary goal of this program was a demonstration of the operating

§ characteristics of a HIPERTHIN injector when used with the propellants

é N204/N2H4. Before this demonstration could be accomplished, however, it was

3 first necessary to develop the conceptual hardware. The following paragraphs
gl present a history of the fabrication tasks conducted during the program. The
fé problems encountered in the verious areas and their solutions are included.

4 A.  INJECTOR FABRICATION

5

i V) A total of six injectors were completed and tested during this

Z program, Of these, five were impinging units and one was totally showerhead.
'E One showerhead injector and one impinger were lost during the fabrication
vé process. Table II presents a review of the injector fabrication.

3

iﬁ (1)) Injector fabrication paralleled injector design in that it pro-

fé gressed through three phases of accomplishment. Assembly of the phase one

1 injector designs was accomplished according to the flow schematic of Figure 30.
¥, The problems encountered, both in the design and the manufacturing processes,
~§§ were influential in formulating the fabrication technique shown in Figure 31.
:?i This latter technique, refined in the area of final machining, was employed to
_ﬁz produce the final demonstration injector.

4

5;‘ 1. Phase One Injector Fabrication

?’

g‘ ) A view of a completed phase one injector is shown in Figure 32, .
3 This unit, designated I1-MO*, was fabricated according to the process schematic
f’ of Figure 30. The details of step 1, Figure 30, are more clearly presented in
;% Figure 33, The HIPERTHIN platelet stack consists of alternating fuel and

% *11-MO: First impinging injector, no modifications.

4

1

|
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TABLE 1T

INJECTOR FABRICATION RESULTS

Injector
SN Injector Type Designation
001 Impinging Il
002 Impinging I2
003 Impinging I3
010 Showerhead S1
020 Showerhead s2
004 Impinging I4
005 Impinging 15
006 Impinging 16
Page 81
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Fabrication Status

Completed and tested

Lost in initial braze cycle
due to retort failure

Completed aand tested
Completed and tested

Lost during secondary braze
due to interpropellant leaks

Completed and tested
Completed and tested

Completed and tested
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PLATELET ASSEMBLY
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FINAL INJECTOR

Injector Fabrication Sequence - Phase IT Design (u)

Figure 31.
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Phase One Injector - I1-MO (u)

Figure 32.
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V, A, Injector Fabrication (cont.)

oxidizer metering platelets saudwiched between thicker separator platelets.

The platelet stack itself is sandwiched between end plates, thick in this case
to provide manifold flange material. Blank platelets and braze foll were used
at the platelet stack-to-end plate interface (Section IV,A,5) to prevent
external propellant leaks should unequal postbraze cooldown cause cracks in
this area. Care was taken during the stacking process to eliminate those
platelets possessing either excessive pitting (due to breakdown of the etchant
resist during platelet fabrication) or excessive curl (due to platelet manufac-
ture from rolled sheet stock). As a result of these precautions, there were

no injector failures due to the step 1 process.

(©) Once stacked, the platelet assembly was strapped and positioned
in a braze retort. Weights and thermocouples were applied, the retort lid was

welded in place, a vacuum was drawn followed by a hydrogen purge, and the unit

was subjected to a time-temperature cycle during which platelet bonding occurred.

This process was completed successfully with one exception. During the brazing
of the s;cond impinging injector (I2-MO), the braze retort burned through,
resulting in the loss of the reducing hydrogen atmosphere and complete oxidation
of the platelet stack, It was subsequently determined that the retort 1lid had
been improperly welded in place. Future recurrences of this failure were pre-

vented by setting minimum standards on the retorts used for such braze cycles.

(c) Steps 3 through 7 in Figure 30 were unique in this contract

to the phase one injectors. Identical techniques had been used in previous
injectors of similar diameter, most notably in the fabricatiorn of the larger
preproposal injector for this program. The platelets of the phase one contract
injectors, however, incorporated two changes that were found to be incompatible
with the assembly techniques: a greater face length due to the three-in-one-

design and depth-etched pockets in the separator platelets.
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V, A, Injector Fabrication (cont.)

© Both of these changes in platelet design made step 5 of
Figure 30 difficult. Circular machining (step 3) of the impinging injectors
opened direct propellant leak paths to the outside by cutting through the deep
pockets etched into the separator platelets. Injecters I1 and I3 were found
to have bipiopellant leaks at the sleeve-to-platelet stack interface after the
first attempt at completing step 5. Both were salvaged by remachining the
round platelet 'barrel", thus smearing the brsze material over the separator
pockats, and repeating the braze installatlon of a sleeve and disk. The
resulting double application of braze alloy sealed the leaks but tended to

plug the outer channels.

©) Circular machining of the showerhead platelets produced
similar propellant leak paths. In this case, however, the gaps were a result
of the long platelet length and the thin platelet material. Injector S1-MO
was salvaged after step 5 in a manner similar to that used with the impinging
units. Injector S2-MO was scrapped when repeated attempts at completing step 5

were unsuccessful in stopping interpropellant leaks.

) The initial pattern machining, as well as subsequent baffle
modifications, were accomplished using the electric-discharge machining (EDM)
process. Phase two injector fabrication experience identified contamination
problems which were the result of procedures used during the EDM process. It
is suspected, for r=asons discussed belcw, that the phase one units may have

suffered a degree of circuit piugging due to the machining techniques.

© In the tramsitiecan from the phase one to the phase two injector
designs, the fabrication shortcomings identified were reviewed. It was con-
cluded that (1) the number of braze cycles should be minimized to avoid repeated
thermal stress buildup in the injectors, (2) the use of separate, brazed-on

flanges should be eliminated to remove the requirement for circular machining,
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V, A, Injector Fabrication (cont.)

and (3) the platelets should be made as small as possible. The platelets were
thus redesigned to the phase two configuration and the assembly procedure shown

in Figure 31 was adopted.

2. Phase Two Injector Fabrication

(9] It may be seen from Figure 31 that the phase two injectors
were manufactured with a minimum of scteps. The procedures of secondary
machining and brazing were eliminated. Two injectors were built to this
design: injectors I4 and I5. Both were assembled, brazed, and final machined
with no apparent difficulty. Flow tests conducted on the first of these

injectors revealed that the oxidizer circuit was partially plugged.

«© HIPRRTHIN injectors are final machined using the EDM process.

This technique consists of removing metal by passing a high-intensity arc

between the part and an electrode containing whatever pattern the final unit

is to possess. The injectors kave been aligned on a base plate, submerged in
oil, and machined by bringing the electrode spindle down to meet the injector.
It is normal practice to pump oil up through the part to 1lift from the injector
chips of metal and carbon (electrode material) resulting from the machining
operation. Because this flushing oil flow is stopped when the electrode is in
cutting position, it is necessary to cycle (or 1lift) the electrode periodically

to allow resumption of oil flow and removal of sediment.

(V) Injector 14 was the first of the phase two injectors to be
fabricated. After delivery of the completed unit, water flushes and hydrotests
showed the oxidizer circuit to be approximately 80% plugged. Analysis of
residue from the circuit showed deposits of carbon and steel inside the injector.
Subsequent inves%igation resulted in the following conclusions. First, final
manifold machining had been attempted before the injector face had been fully

opened. As a result, there was no oil flow into the majority of oxidizer
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V, A, Injector Fabrication {cont.)

orifices during :xe entire manifold machining process. This fact accounted
for the massive plugging experienced. Second, the machine was set to cut in
60-sec cycles, with flow maintained through the orifices for only 2 to 3 sec.
This cycle was deemed insufficient to remove all the sediment generated in
60-sec of machining. Third, oil pressure to the orifices was held at only

10 to 12 psi. Again, 1t was felt that increased flush pressure was required,

) Based on these conclusions, a set of machining criteria was
derived and imposed on the machining vendor. In all subsequent operations,
including those conducted on injector I5 and on the final injector (I6), the
injector was mounted on the movable spindle and was lowered rc meet a stationary
electrode. This was specified to circumvent particles settling into the injector
due to gravity. Also, it was specified that a maximum cy«le time of 30 sec
would be employed, 15 sec of which would consist of orifice flushing. A final
dictate was that, after every 15 min of actual machining time, the injector
would be lifted and subjected to a minimum of 40 psi oil flow. Injectors I5

and I6 were assembled and machined with no anomalies.

) The conclusions pertaining to the current reproducibility of
this hardware are presented later in the report (Sections VIII,A and IX). It
will suffice to say at this point that the ability to successfully fabricate
any number of similar HIPERTHIN injectors has reached a one-for-one basis.

The definition of brazing limitations, platelet characteristic effects, and
machining requirements pertaining to injector cleanliness has resulted already
in the completely successful fabrication of two units, the last of which was

processed from initial design to hydrotest in eleven days.
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Vv, Fabrication (cont.)
B. ANCILLARY HARDWARE

(v All ancillary hardware employed on this program was fabricated
according to standard procedures and with no difficulty. The steel stabiliiy
chamber and the short steel performance chamber were turned from a bili . of
1020 mild st =1. The copper perforrance chambers were similarly turned from
billets of OFHC copper. All fittings applicable to the steei chambers were
welded in place. Instruments were applied to the copper chambers through

tapped ports.

) The retaining cin of the phenolic streak chamber was fabricated
of mild steel. The insert itself was tape wrapped and molded with a 45° (to

the centerline) tape orientation. Exterior and interior contours were machined

from the molded tillet.

1)) The calorimetric instrumentation applied to the copper chambers
consisted of 0.020-in.-dia sheathed chromel-alumel thermocouples that were
brazed at the gas-side surface of the heat sink copper chamber. The thermo-
couple installation was accomplished by inserting the 0.020-in.-dia grounded
junction probe in a 0.022-in., hole that had been eloxed through the chamber
wall. The junctions were then positioned flush with the gas-side surface and
furnace brazed using a commercial braze alloy. The above procedure minimized

the disturbance to both gas flow and the wall heat conduction paths.

w) The adiabatic wall probes shown in Figure 34 were made from
0.040-in.~dia tungsten-rhenium alloy wire with a tantalum sheath. These were
mounted in a zirconia sleeve and inserted through the chamber wall such that
the top of the probe extended along the wall and slightly into the low-
temperature film barrier. The use of the zirconia plug simulated the behavior

of a refractory wall chamber.
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V, B, Ancilliary Hardware (cont.)

w Phenolic chamber instrumentation consisted of twelve depth thermo-
couples. Of these twelve, eight were 20-mil chromel/alumel and four were 40-mil
tungsten/rhenium thermocouples. Holes were drilled into the phenolic liner
material from the can exterior. The thermocouples were then inserted and sealed
in place with welded-on Swage-Loc fittings. X-rays were taken of the chamber

to allow exact determination of the thermocouple junction location.
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SECTION VI
EXPERIMENTATION
A.  EQUIPMENT AND HARDWARE
1. Thrust Stand
) The thrust stand employed during the entire experimental test

phase is shown in Figure 35. Details of the engine mount are also shown in
Figure 35. The engine rested on a flexure-mounted table, which in turn was
connected to the thrust take-out structural through a 2000-1b load cell. The
engine was cantilevered from the valve-injector support; the short chamber
ilengths precluded the need for additional support. The injector was flush
mounted to the valve body, which in turn was fixed on the cradle. This fixed-
valve arrangement allowed removal of the chamber or injector/chamber assembly

without disconnecting and drainiag propellant feed lines after each test.

L) A schematic of the propellant feed system is shown in Figure 36.

All feed lines were 3/4~in. stainless tubing. Propellant was filtered through
dual (10 and 2 micron absolute) filters during fill procedures and during the
tests by a 10 micron filter located upstream of the dual turbine-type flow
meters. A 500 psi GN2 purge was plumbed into the valve body immediately down-
stream of each pintle. Check valves located at the purge inlet points provided

automatic purge control during the tests.

Q)] There were no hardening orifices or cavitating flow control
7enturis employed during the test series. Propellants were pressure fed to the
engine, with flow control being derived through consideration of flow rates,

line drop, and injector drop.
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VI, A, Equipment and Hardware (cont.)

2. Instrumentation

(u) The only thermal instrumentation applicable to the test

facility itself was the thermocouple assembly a each propellant feed line.

These thermocouples, mounted at the downstream (or exit) side of the flow meters,
were used to measure propellant temperature to the injector. No temperature

readings were obtained on the ambient propellant in the run tanks.

)] It may be seen from Figure 36 that Tabor pressure transducers
were employed to measure propellant tank pressures, flow meter discharge pres-
sures, injector manifold pressures, and chamber pressure. The pressure data so
obtained were used to determine the system drop as a function of flow rate.
This information was then employed to finalize, or balance, the tank pressures

required to give desired flow rates and chamber pressures.

(1)) High-frequency pressure transducers, or Photocons, were

employed in all but the phenolic streak chambers. The pressure waves picked up
by these transducers were recorded using a Sangamo 3509 FM tape recorder. The
tapes were subsequently played out through either a Hybrid analyzer system (in
which case plots of amplitude versus frequency were obtained) or a galvanometer

to obtain a permanent printed record of the pressure traces.

(1)) All low-frequency pressure data, flow meter data, thrust, and
temperature data were recorded and processed through an IBM 360 (Model 40)

computer. This unit received the digital input and converted it into engineering

units for subsequent analysis.
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VI, Experimentation {cont.)

B. TEST PROGRAM

1. Test Plan

) The experimental engine firings conducted during this program
were made in a sequence amenable to evaluation of the basic parameters:
stability, performance, altitude start capability, and compatibility. The
majority of tests conducted dealt with stability demonstration since, in the

absence of smooth combustion, all other parameters become academic.

(U) In all, 100 engine firings were conducted. A tabulated summary
of the tests is presented in Table III. All tests were conducted in the test
facilities located in the Physics Laboratory complex at the Aerojet-General
Corporation in Sacramento. The test phase ranged in time from August 1968

through March 1969.

2. Test Summaries

)] The purpose of this section is to briefly describe the objective
and the results of each of the test conducted. It shall be seen that not all
tests were amenable to complete theoretical evaluation. Reasons for the deletion

of these tests from the analyses described in Section VII will be presented.
a. Tests 3K-1-101 through 3K~1-105

)] The first tests to be conducted on the program employed

an impinging injectox designated I1-MO (first impinger, no modifications). The
baffle pattern (Figure 32), located in the first baffle zone (see Section IV,B,1),
consisted of five major radial blades 0.80 in. high, five minor radial blades

0.35 in. high, and a circumferential hub on the half-radius, also of the
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|

j% Vi, B, Test Program (cont.)

1

% . low height. The major blades radiated from a common center; the minor blades

3 subdivided the outer pockets bordered by the outside diameter, the hub, and

.¥ . the major blades.

3

'; () Tests 3K-1-101 and 3K-1-102 showed low performance.

§ Posttest evaluation revealed that the oxidizer was contaminated with an equiva-
'% lent water content of 14%. These tests were not used in performance analyses.
'é

E ) Two items of significance were accomplished prior to the
i<§ third test. The oxidizer propellant line and tank were drained and the system

% refilled with certified propellant, and the injector purge system was converted

é from 120 psi pressure to 500 psi pressure. This latter task was performed to

j eliminate very hard transients observed on the first two tests. During the

g system conversion, provisions were made for venting the fuel circuit purge line

% to ambient after ignition. In subsequent tests, the fuel purge valve was closed

g after achievement of steady state. As a result, 500 psi GN2 automatically

2 flushed the oxidizer circuit upon shutdown. After the oxidizer was gone, the

% fuel purge was manually operated and residual propellant was flushed from the

‘g injector. These procedures, in addition to shortening the oxidizer lead and

g eliminating oxidizer lag, were successful in stopping the hard transients.

A © Tests 3K-1-103 through 105 were found to have high per-

o

aseiiie s 23

formance; chamber pressure showed several random spikes. In all cases, the

spikes damped within 20 milliseconds. They were influential, however, in

promoting orifice spreading and platelet splitting. The decision was made to

machine an identical pattern into the next face level; a 15° rotation of the

? pattern was also planned to remove the structurally weak baffle running parallel
- . with platelet orientation.

i

5 U) Upon postfire injector disassembly, approximately two

f ounces of sand-like residue was found in the oxidizer manifold plenum.
.

3

5
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Report AFRPL-TR-69-122

VI, B, Test Program (cont.)

This material, formed in the feed line by the contaminated propellant, had been
building up in the manifold during the latter three tests. It was-possible that
oxidizer orifice plugging by the material had caused fuel rich zones to occur in
the chamber and, thus, spiking. The lines were again cleaned prior to the next

test series.

b. Tests 3K-1-106 through 3K-1-107

) These tests, the only ones conducted using a showerhead
injector, demonstrated rough combustion. Posctest evaluation showed inter-
manifold leaks of fuel into the oxidizer. The rough operation precluded the

acquisition of performance data.
c. Tests 3K-1-108 through 3K-1-110

) These three tests were conducted using injector I1-Ml
(first modification). The baffle pattern, located in the second face level,
was identical to that of -MO, except for a 15° rotation and a reduced major
baffle height to 0.705 in. This latter change was incorporated to avoid
having depth-etched separator pockets at all major baffle tips.

(C) Test 3K-1-108 was entirely unstable in a first tangential
mode, Tests 3K-1-109 and -110 had periods of smooth operation; however, there
were spikes that failed to damp within 40 mil”iseconds. Representative Photocon
data are shown in Figure 37. It was thus concluded that the major baffles ' 4

to be increased in height to regain stable operation. To accomplish this, an
interface level change was designed that (1) cut into the impinging level, thus
adding 0.035 in. to baffle height and increasing the impinging distance;

(2) removed all baffles within the hub to provide a greater number of impinging

orifices; and (3) cut vertically through the depth-etched separator pockets
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5 VI, B, Test Program (cont.)

formed at the baffle roots. It was felt that this latter step would reduce

1 the pocket size and, thus, the volume of potential hydrazine traps that could

3 promote hydrazine accumulation and popping.

d. Tests 3K-1-11l1 through 3K-1-114

B W £

gz

v) These tests were conducted with injector I1-M2, which

&

incorporated the changes discussed above. The major baffles were 0.740 in.;
the minor blades were 0.383 in. There were no baffles in the center and all

baffle roots had been cut vertically, as shown in Figure 38.

PO T et Tty 5 B3

»

© Tests 3K-1-111 through -114 showed no self-induced pops

or instability. The only anomalies noted were a combustion noise level of +8%

K by e L

(3% over specification) and burning in the area of the vertical cuts. Subsequent

D

testing showed that the face burning progressed until all narrow platelet walls

rad been removed; the burning then stabilized and progressed no further.

il

it

% w) These tests were all conducted on the 13-in. L* steel

% stability chamber. Pulses were fired during all tests in an evaluatior of pulse
g size as a function of charge and burst diaphragm size. The combinations tested
% were: a l5-grain 0.38 special charge with a 10,000 psi diaphragm, a 20-grain
ﬁi magnum charge with a 10,000 psi diaphragm, and a 20-grain magnum charge with a
; 20,000 psi nonfragmernting diaphragm. The latter combination was found to pro-
:‘ duce pulses equaling or exceeding the AP/Pc = 1.75 criterion. Ia all cases,

ﬁ the pulses damped within 20 milliseconds. A representative high-frequency

§ pressure trace is shown in Figure 39.

4 e. Tests 3K-1-115 through 3K-1-122

“; 41)) These tests, all of which employed injector I1-M2, were
}; conducted on the 6.5-in. L* copper chamber. Their objective was to cvaluate
}
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Injector I1-M2 (Prefire)

Figure 38,
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Report AFRPL-TR-69.-122

VI, B, Test Program (cont.)

the cooling effectiveness of the off-mixture ratio boundary combustion and to
obtain parametric data relating boundary mixture ratio and percent cooling with
chamber wall temperature, All tests except 3K-1-115 and -117 were run for

3 seconds. In all cases, there were no pressure spikes nor nolse exceeding +8%.

(9 Injector I1-M2 is shown in Figure 40 after approximately
24 seconds of operation. The platelet burning shown at the baffle roots was
essentially unchanged since Test 3K-1-114. The baffles revealed definite struc-
tural weakness. The platelet splitting and orifice deformation was progressive.
1lne decision was made to remachine the injector after Test 122 to obtain a new

face condition.

f. Tests 3K-1-123 through 3K-1-126

((8)] The next series of tests employed the third impinging
injector, I3-MO. Its pattern (shown in Figure 41) was identical to that of
I1-M2 with the exception of increased blade height. The major baffles were
0.80 in. high and the minor blades and hub were 0.435 in. high.

) These tests were conducted to evaluata propellant lead
relationships during the start transient. A simultaneous shutdown had been
proven effective after the first iwo tests. Test 3K-1-123 was started with a
35 msec oxidizer lead. Subsequent tests employed simultaneous valve opening
and a 35 msec fuel lead., Of these sequences, the 35 msec oxidizer lead gave
the best sea level ignition results (minimum spikes) and offered the most
potential for altitude starts. This sequence-~a 35 millisecond oxidizer lead

and a simultaneous shutdown--was thus selected for future tests.

1)) The tests witl injector 13~-MO were slightly rougher than
had been observed with injector I1-M2. The peak-to-peak amplitude of the com~
bustion noise was approximately 60 to 65 psi. There were no pressure spikes in

any of the tests.
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Injector I3-MO (u)

Figure 41.
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VI, B, Test Program (cont.)
g. Tests 3K-1-127 through 3K-1-138

(V) These tests were conducted in an evaluation of the effect
of baffle reduction on combustion noise level. Previous injectors with a full
star pattern and all minor blades had exhibited very smooth operation; there
had been spikes, however, which had invalidated the data. Injector I1-M2 had
shown no spikes; however, the noise level had increased to 25 psi. Spectral
density analysis of the high-frequency data showed a predominant first tangen-

tial mode in the noise constituents.

(1)) Three primary patterns were tested in this series. The
first, which constituted injector I1-M3 (Figure 42), contained five major blades
0.740 in. high and a 0.400 in. hub. There were no minor radial blades. This
same pattern was repeated in injector I3-M1l (Figure 43) with the exception that
all blades were 0.740 in. high.

(v) The second major pattern variation is shown in Figure 44.
This injector (13-M2) contained 0.740 in. mzjoxr baffles intersecting at the
center and a 0.400 in. hub at the half radius. Again, the outer pockets were
leit undivided. The third pattern, incorporated in injector I1-M6, was an
identical repeat of I1-M2., This was done to determine repeatability of

injector operation.

(U) Spectral analysis of the high-frequency data generated
with each design revealed three significant facts. First, the combustion noise
produced with a pattern such as that shown in Figure 38 (nothing in center)
contained a dominant first tangential mode. This single mode contributed most
to the +25 psi amplitude. Second, patterns such as that shown in Figure 44
suppressed the first tangential mode but allowed the higher modes (third
tangential (3T), first radial (1R), and fourth tangential (4T)) to become

effective. The noise level produced with this pattern was measured to be +35 psi.
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VI, B, Test Program (cont.)

Third, patterns in which both tiic center and outer pockets were left open
(Figures 42 and 43) allowed modes 1T, 3T, 1R, and 4T to contribute to a +35
to 40 psi oscillation. It was thus concluded that minor blades were reeded
in the center if possible and definitely in the outer pockets between the hub

and major baffles.

h. Tests 3K-1-139 and 3K~1-140

(v) These tests, conducted on injector I1-M6, were performed
as demonstration tests. In both cases, there were no random spikes, the noise
level was *25 psi, and pulse- and bomb-induced spikes of 600 psi were damped

in less than 30 milliseconds.
i. Tests 3K~1-141 through 3K-1-~148

(U) These tests, all of which employed injector I1-M6, were
conducted on a 4-in. L* (3 in. from injector to throat) copper chamber. The
objective of the tests was to evaluate both cooled and uncooled performance

with the very small chamber.

(V) The addition of the cooling ring in the oxidizer manifold
was found to produce combustion instability and, thus, invalidate the test data.
It was not immediately apparent why the injector was unstable; in retrospect,

however, it is theorized that prévious machining-induced orifice plugging had

sufficiently altered the injector hydraulics to allow instability at off-mixture

ratio conditions.

j+  Test 3K-1-149

) This test, conducted with injector I1-M6 and the short :

L* steel chamber, was made to obtain a direct measurement of steady-state
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VI, B, Test Program (cont.)

recovery temperature at the chamber wall. To accomplish this, the insulated
tantalum-sheathed tungsten/rhenium thermocouples were employed. A cooling ring
designed to provide a boundary mixture ratio of 0.5 and a percent coolant flow

of 21.2 over 34% of the injector face was used.

w The test, as were previous cooling tests with this
injector, was unstable. The thermocouples, however, recorded steudy~state wall
temperatures ranging to 4000°F in the throat. It was thus apparent that the

toundary cooling was effective even though the combustion process was unstable.
k. Tests 3K~1-150 through 3K-1-153

) The next four tests were conducted to evaluate the
altitude starting chavacteristics of the injector. To accomplish this task,
a 6-ft~long, 10-in.-dia pipe was bolted to the nozzle flange of the 13-in. L*
steel chamber. A plate was then placed over the exit of the pipe and sealed
in place by pulling a vacuum on the engine assembly. Starting altitude was
measured by a 0 to 5 psia Tabor pressure transducer located in the chamber

itself. Normal chamber pressure was measured with a standard psig transducer.

W In all cases, the firing sequence was started with an
indicated chamber pressure of 0.2 to 0.4 psia. It was found that the absolute
pressure transducer overranged before actual ignition. It was subsequently
determined that the vacuum pressure readings inside the chamber were invalidated
when the throat went sonic. For this reason, altitude testing was stopped until

the absolute pressure transducer could be relocated downstream of the throat.
1. Tests 3K-~1-154 through 3K-1-183

W These tests were, with few exceptions, conducted using

the phase two injectors I4 and I5 (see Section IV,B). As has been discussed,
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VI, B, Test Program (cont.)

I4 was received with a partially plugged oxidizer circiit. The circuit was

opuned to a fireable condition by flushing the channels with etching solution.
It was impossible to compietely clean the circuit, however, and test results
with this injector were son.ewhat confounded by spikes caused by hydrazine

accumulation in the areas of oxidizer starvation.

) There was one significant difference between injectors 14
and IS5, other than the plugging mentioned above. This difference was the inside
diameter of the hub. Injector I4, as had all past injectors, had an internal

hub diameter of 1.64 in. The corresponding measurement in injector I5 was

1.1 in. The operation of I4 was characterized by extremely smooth operation

with interspersed random spikes. I5 was characterized by random noise of +30 psi
with no spikes. It was thus concluded that the pattern of injector I4, with the
larger hub and subdivided center pocket, would, with clean injection circuits,
provide the desired level of stability and combustion smoothness. This was

later proved to be true with the final injector, I6.

1)) Two sets of tests were conducted in this series which

were directed more toward acquisition of general information than attainment of

the specific program goals. The first set consisted of Tests 3K-1-163 through
3K-1~165. These tests employed the propellant combination NZOA/MMH. Two tests

employed a baffled injector; the third employed a flat-face impinging injector.

The objective was to evaluate the stability of the MMH when fired in a high
performance, very fine pattern. All three tests had pure instabilities in a
first tangential mode (approximately 7000 Hz). This informaticn provided the
first experimental data point pertinent to the sensitive frequency relationships

between neat hydrazine, AeroZINE 50, and MMH.

«©) The second test of a generalized nature was Test 3K-1-181.
This test, again using N204/N954’ employed the flat-faced injector/resonator
combination shown in Figure 45. This test was conducted to evaluate the poten-

tial applicability of a resonator with a platelet injector.
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VI, B, Test Program (cont.)

) The resonator design was non-optimum in order to use
existing hardware. As a result, the resonater ring was butted to live propel-
lant channels at the injector face. Resulting injection into the resonator
cavity resulted in complete loss of the resonator ring. No further firings

were made with a resonator.
m. Tests 3K-1-184 through 3K-1-196

w) These tests were conducted on the final injector, 16-MO.
' This injector, shown in Figure 46, contained the baffle pattern deemed optimum
as a result of all prior test history. The majcr blades in this pattern were
G.80 in. high with a 16° wall angle. The minor blades, including the hub and

center, were 0,40 in., high.

(9] This injector was used to complete the program. Tests

3K-1-184 through -196 included performance tests over the full mixture ratio

range, bomb and pulse tests (each over the full mixture ratio range), and alti- :
tude start test in which the downstream absolute pressure transducer recorded
no significant pressure spike, and a compatibility test on a coated copper
chamber. In all cases, there were no spikes and the noise level was +6 psi

(+2% of chamber pressure). Of significance also was an absence of face burning,
platelet splitting, or significant orifice deformation. Photocon pressure data

illustrative of the smooth operation of this injector is shown in Figure 47.
n. Tests 3K-1-197 through 3K-1-200

)] The final four tests were conducted using injector I16-MO
and 6.5-in. L* phenolic chambers. Tests 3K-1-197 and -199 were each 1 sec .
in duration. Tests 3K-1-198 and -200 had 2l-sec durations. The main objective

of these tests was an evaluation of the durability of the injector. A secondary

c— e im i e 2t
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Vi, B, Test Program (cont.)

objective was evaluation of the long duration injector/chamber compatibility.
As shall be discussed in subsequent sections, the results of these tests

proved the injector to be very durable and compatibility to be acceptable.

C. PROBLEM AREAS

(1)) The problem areas encountered during this program were almost
exclusively related to injector/baffle operation. These problems, discussed
elsewhere in the report, affected the rate of attainment of the program goals,
rather than the ability to carry on the experimental program. The only excep-
tion was the early discovery of contaminated propellant in the oxidizer feed
system. This problem was solved by emptying and refilling the tank and pre-
vented by sampling the propellant periodically for water content. No further

incidences of out-of-specification propellant were found.

) There were, during the program, no feed system or thrust chamber
valve failures, electrical malfunctions, or instrumentation failures. Conse-
quently, there was no expenditure of effort in tasks unrelated to the primary

objectives of the program.
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SECTION VII

EXPERIMENTAL RESULTS

A.  PERFORMANCE

1. Data Reduction Techniques :

v) All engine tests were fired in Bay 2 of Test Area A. Instru-
mented parameters relevant to the performance analyses included thrust, weight
flow rates, chamber pressure, nozzle throat and exit diameters, and propellant
temperatures. In addition, tank and manifold pressures were measured as were

selected hardware temperatures. The system accuracies (lo) for thrust,

ey tan oS Ambrmictt et

chanber pressure, and weight flow rate are shown below along with the lo wvalue

for IS , determined using a root sum square of the thrust and weight flow rate

accuracy. . !
Parameter o, % ;
Thrust +0.17
Chamber pressure +0.25
Oxidizer flow rate +0.50
Fuel flow rate 40.50
Specific impulse +0.53

(V) As noted above, the system accuracy for Isp was approximately

+0.5%. This is equivalent to approximately +1.3 lbf-sec/lbm. The calculated

lo deviation for these parameters during representative data sample periods

was within the 0.5% value for Isp' Thus, the pertinent performance parameters

were essentially constant, although the data sample times were necessarily

short due to the limited test durations. A correction was applied to adjust
the short duration copper and steel chamber transient heat losses to the

adiabatic wall conditions of the flight type chanmber.
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VII, A, Performance (cont.)

) During the performance analysis, oscillegraph traces were
used for rapid determination of mixture ratio for engine balance, for detection

of significant pressure or thrust fluctuations, and as a guide in selection of

test data sample periods. X~Y plotters were used in conjunction with digital

listings to determine significant thermal trends which might influence perfor-

mance. The digital listings were also used for all final determinations of

system performance.

)] Criteria for data sample time selection were that steady-state

flow, thrust and chamber pressure had been attained and that no large fluctua-

tions of these parameters occurred during the sample period. For comparison

of performance among tests on which thermal steady state was not achieved,

data times were selected which corresponded to nearly equal chamber wall

temperature rise rates.

(v) The only parameters which were difficult to measure accurately

or which contained suspected errors were oxidizer inlet temperature, chamber

stagnation pressure, and nozzle throat and exit areas. Suspected measurement

errors occurred intermittently in oxidizer temperature readings, probably due
A plot of specific impulse error as a

to corrosion of the thermocouple.
For tests with

function of oxidizer temperature error is shown in Figure 48.
suspected erroneous readings, the oxidizer temperature was assumed to be equal
{The tests on which this assumption was used are

to the fuel temperature.
noted in the performance summary table.) The maximum expected temperature s
!

difference between the two propellants was 10°F., Thus from Figure 48, the
maximum Is error due to these temperature effects was only expected to be ,
1.2 1bf-sec/1lbm.

() The difficulties encountered in accurate measurement of

chamber stagnation pressurc and effective throat and exit flow areas are

difficulties inherent in these parameters regardless of the engine system
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VII, A, Performance (cont.)

being analyzed. For this reason the energy release efficiency, which is based

on measured thrust and calculated nozzle performance losses, is preferable to

c* efficiency as a measure of combustion efficiency. Accurate flow area

measuremencg in a rocket engine are difficult due to the effects of thermal
True measurement of chamber stagnation
For

expansion and boundary layer growth.
pressure is difficult due to contraction ratio and combistion effects.

example, the correction from static to stagnation pressure ranged from 10% to
25%, depending on the location of the pressure tap in the chamber. These cor-
rections were only approximate, since they were made assuming isentropic flow

from the Pc tap to the throat, i.e., no heat addition (combustion) or chamber

heat loss downstream of the Pc tap.

)] Tests 3K-1-185 to 188, conducted with a 5-in. chamber (6.5-in.

L*), exhibited low values of measured chamber pressure. The percent c* achieved

on these tests was lower than the percent Isp' The ISp data were consistent

with previous data generated with similar injectors. No explicit reason can

be given for the low chamber pressure readings on these tests. Except for the
abnormal oxidizer temperature readings and the low chamber pressure readings

on certain tests, no other significant anomalies were apparent in the measured

data of the tests evaluated.

2. Phases I and II Injector Design

a. Sea Level Performance

(V) During the Phases I and II injector testing, baffle

patterns were evaluated using five injectors. All injector patterns evaluated

used like-on-like doublet type elements at the face and shcowerhead elements

on the baffles. Two tests conducted with injectors containing, all showerhead

elements were not evaluated for performance due to large thrust and chamber

pressure oscillations during the firing. A tabulation of operating, design,
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VII, A, Performance (cont.)

and performance parameters for tests of the injectors with candidate baffle
designs is presented in Table IV. Only those tests for which the performance
was considered valid are presented. (The test summary presented in Table III

contains information regarding the deletion of tests from this performance

summary.)

(C) In all, 27 tests were evaluated with regard to perfor-
mance. A breakdown of valid Phases I and Il performance tests fired at each

chamber length, with and without barrier cooling, are tabulated below.

Ne. of No. of Baffle Chamber Length, Barrier

Tests Designs in. Cooling 0/F Range
18 8 10 No 0.79 - 1.30
1 5 No 1.36
1 3 No 1.44
1 Yes 1.16 - 1.41

It is obvious that, even though performance was evaluated on 27 tests, a large
number of test parameters was varied. A parametric performance analysis
based on the Phases I and II injector designs was considered a useful endeavor
as it provided valuable insight with respect to the expected performance
characteristics of the final injector design. Only a moderate amount of
empirical data was available for such an endeavor, however, due to the large

number of variables and relatively small number of tests.
(1) Mixture Ratio Effects
(®) The specific impulse data from uncooled tests with

the Phases I and II injectors are shown in Figure 49 as a function of injector

mixture vatio. The one-dimensional equilibrium (ODE) specific impulse and the
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VII, A, Performance (cont.)

predicted performance losses due to kinetics, boundary layer effects, aund

nozzle divergence are also illustrated on the figure. A comparison of the ODE

I  minus the above losses with the test data indicates that these losses essen-
tially account for the difference between the theoretical (ODE) Isp’ and the
measured Isp' That is, energy release losses and mixture ratio maldistribution
losses were essentially zero throughout the range of mixture ratio surveyed for
all candidate injectors. Data from these same tests are presented in Figure 50
with specific impulse efficiency and energy release efficiency as the dependent
parameters and mixture iatio as the independent parameter. 1t may be seen that
both measures of efficiency for these tests were virtually constant throughout X
the mixture ratio range tested, within a value of +1.0%. Variations in baffle
patterns did not appear to influence either the efficiency level of the injectors

or the effect of mixture ratio on the efficiency.

(c) This constant level of efficiency achieved during
the uncooled tests is not surprising considering the HIPERTHIN injector design.
Neither the efficiencies of the like-on-like impinging elements nor the
shoverhead elements are significantly a’fected by vgriations in fuel to
oxidizer momentum ratio as a result of mixture ratio changes. In additionm,

for the uncooled tests, the HIPERTHIN pattern eliminates any mixture ratio
maldistribution loss which could cause the efficiency to be affected by mixture

ratio. For the low area ratio tests, kinetic losses, which are a function of

mixture ratio, amount to less than 1%. Therefore, the influence of mixture

ratio on inetic loss is insignificant.

)] Insufficient test data were available to determine

e i et et e et et v

the empirical effect of mixture ratio on performnnce for the tests of the
candidate injectors with barrier zone cooling. However, analytical curves
of pertformance as a function of mixture ratio can be defined for various

cooling conditions and the test data can be shown in relation to these curves.
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VII, A, Performance (cont.)

Such a technique was used to present the data of Figure 51. From these data,
it appears that the assumption of no mixiag between barrier and core used to
generate the analytical prediction 1s reasonable, since the test data points

lie near the proper curves.
(2) Chamber Length Effects

(C) Uncooled tests of the candidate injectors were
conducted using chambers of three different lengths: 10 in. (13-in. L¥),

5 in. (6.5-in. L*), and 3 in. (4-in. L*). The performance of representative
tests conducted with these three chambers is shown in Figure 52. Both the
specific impulse efficiency and the energy release efficiency are shown as
functions of chamber length. These datz indicate no performance degradation
for a chamber length reduction from 10 in. to 5 in. During tests with the
10-in. chamber, Pc taps were located 1.5 and 7.0 in. downstream of the injector/
chamber interface. Correction for the flow conditions at these two stations
resulted in predicted stagnation pressures which differed by only 2%. The
agreement between these pressure readings indicates that most of the combustion
probably occurred within 1.5 in. of the injector face since momentum pressure
losses would have been noted if significant combustion occurred downstream of
the 1.5 in. station. The tests with a 3-in.-long chamber (4-in. L*) tended

to verify that the combustion was occurring close to the injector face. The
curve defining the energy release efficiency - length relationship has been
extrapolated to a chamber length of 1.5 in. using the propellant vapor.zation
model described previously. At this point, the predicted NER is in excess of
94%. Recent test data from a similar size HIPERTHIN unit using similar propel-
lants (Reference 14) yielded an energy release efficiency of 93 to 96% with a
1-in. chamber. Efficiencies of this magnitude are expected from the N204/N2H4

unit with a 1.5-in. chamber.

Page 133

CONFIDENTIAL




MG R Rt M NG ey |
-

(n) saoadafuj II pue I 9seyd - SIS paT0o0d
103 asTnaw] OT3ITO2dS uO OTIEY DANIXTR JO ID3IIT TS 21n8T g

REat T

4/0 0ILvd JUNLXIW

51 vt €L 2°L "L 0L 6°0 8°0 L0
© azunsvaw| Ut §°9 »1j0c¢
TVIINIGIiNO) —3I03udl 150°F = uw
) ' eLsd =
50 = 2(4/0) | womm b Nn_
%2°12 = 248 % N9IS3a H/N/ Y 0%N
TN 7 0€2
N ~] \ _
S llllll \ =
. o~ g =
—_ ~ / 2'0 = 9(3/0) = —
=< I A/ _/ %/1 = 049 % N9IS3Q @ =
= ~<ZAF oz @ 3 =
Lad S % S — - Lad
[, < —— —_ © [
= o q ~——_ // =2 (¥ =
8 3 N\ T~ g 3
o g ~— 052 & <
N ) &
\/ §°0 = “(4/0) ‘ <
— 962l = 249 % N9IS3d
092
0L2
ms.w.f. SR £y o .,ﬁa?w.,..f‘ 455 18 W L1 e,z .&L@Tﬁn&ﬁ 2320 .nt.nvf:,ma.,,f‘..,.i o T o s AN e 2o o b N B, T i&a,; w,,\mk&w




Rt Ry

CONFIDENTIAL
Report AFRPL-TR-6Y-122

e ame e e e b S e vrn e

(n) saxo3zoaful II pue
T @seyd asTndw] 9T13Toadg uo yjzdua a2queyd Jo 192334

SIHINI .71 “HLINIT YIGWYHD

'z @anB1a

ot 6 8 L 9 g b € 2 L
JP o Y S,
|
VIINIQIING) /
: AINITD1443 3STNAUT I14193dS /
i ; .
=
4 — ” m
¥3GNYHD 43dd0D \ o .
w M o ot
- “ = s 2
% q Y¥38WYH) 13315 & g
. . =]
" 3¢ [
|
| AINTIO1443
t 3SY3T3Y ADYIN3
] 3
9 \I =" oL
0L = 470

eisd 0og = 9d
"hln/Po%n B




GONFIDENTIAL

Report AFRPL~TK~69-122
VII, A, Performance (cont.)

(3) Barrier Cooling Effects

) The influence of barrier cooling on performance can
be considered essentially as a mixture ratio maldistxribution loss. The loss
due to cooling, assuming no mixing of coolant and core zone, can be estimated
from a stream tube technique which compares the mass flow rate weighted sum
of the coolant and core Isp values to the specific impulse evaluated at the
overall engine mixture ratio. Both the percent barrier flow and the barrier
mixture ratio affect the core mixture ratio. The carpet plots presented in
Figures 53 and 54 illustrate the functional relationship between barrier zone
flow and core flow. Use of these plots allows accurate definition of the

relationship between barrier and core flows.

(V) Due to the limited amount of test data, the empirical
effect of coolant flow on performance cannot be completely defined without the
use of some analytical curves that were derived from the barrier flow-core

flow relationships of Figures 53 and 54. Also, two assumptions based on the

test data from the uncooled tests are necessary: (1) chamber length variations

between 5 and 10 in. have a negligible effect on performance, and (2) the
various baffle patterns have a negligible effect on performance. An additional
useful condition is that the maximum cooling performance loss would be realized

if the coolant and core stream tubes did not mix but combusted at their

PSS

respective mixture ratios. Assumptions (1) and (2) allow all the performance
data from barrier cooled tests to be analyzed as one group. Use of the stream
tube assumption permits minimum limits to be defined for the amount of barrier
flow necessary to effect a measurable performance change. Since two standard
deviations of the system measurement errors for Isp are approximately 2.6 1lbf-
sec/lbm, only changes in barrier coolant flow which influence performance by

this amount were considered significant.
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VII, A, Performance (cont.)

(C) The analytically predicted performance loss due to
barrier zone cooling is shown on Figure 55 as a function of percent barrier
flow. Barrier mixture ratios of 0.5 and 0.2 were evaluated at overall mixture
ratios of 1.16 and 1.4, These conditions correspond to the flow conditions
during Tests 3K-1-117, 118, 120, and 121, respectively. The data f£rom these
tests are plotted in the figure. For these tests, the assumption of no mixing

of barrier and core appears to be reasonable.

(4) Performance Conclusions for Phases 1 and II Injectors

© Based on the analysis of test data, the following
conclusions regarding the performance achieved with the Phases 1 and IIX

designs may be drawn: 5

(a) Energy release efficiencies of 99 to 100%
were achieved with all injector configura-
tions on which performance was evaluated.

(b) The effect of engine length on NgR was
negligible in the range of lengths from
5 to 10 i

(c) The effect of barrier cooling fiow on
performance indicates that no appreciable
mixing occurred between barrier and core
Z0nes.

3. Final Injector Design

a. Sea Level Performance
(1> 1Introduction

C) The injector design selected for the final test

series was identical to injector I4 except for the use of smaller width
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VII, A, Performance (cont.)

showerhead channels in the baffles. This modification increased the propellant

injection velocity at the baffles from 15 ft/sec to 30 ft/sec. The revision

to the baffle design was made to eliminate a tendency for platelet separation

in the baffle region. The effects of this modification on performance were

expected to be small (less than 0.5%) with the 5-in. chamber. Testing of the

unit commenced with Test 3K-1-183 (a balance test on which performance parame-

ters were not reduced) and ended with Test 3K-1-200. Chambers tested with this

injector included 10~in. and 5-in. copper units, a 10-in. steel chamber, and

5-in. ablative chambers. Performance data from these tects are tabulated in ’
Table V. All tests in this serles were with a design intended to provide 21.2% i
barrier £low with a barrier mixture ratio of 0.5 at a total flow rate of v

10 1b/sec and overall injector mixture ratio of 1.4.

(2) Effect of Design and Operating Variables on
Performance

(a) Mlxture Ratio

1)) Specific impulse data from Table V are plotted
in Figure 56 as a function of engine mixture ratio. Based on these test data,
the optimum mixture ratio for specific impulse is approximately 1.0 at an

area ratio of 2.0. The data presented in Figure 56 indicate about 1% higher
performance with the 13-in. L* steel chamber than with the 6.5-in. L* copper
chamber. Based on the data from the preliminary injectors, which achieved
complete combustion at all lengths and mixture ratios, it appears unlikely
that the jerformance increase is due to increased energy release efficiency.
For the large steel chamber, it is likely that the higher performance was

the result of the difference in chamber heat loss and increased mixing between
core and barrier gases., Data from tests with the ablative chamber also showed
higher performance than was achieved with the identical contour copper chamber.
This performance difference was accounted for by the difference in heat loss

between the two chambers.
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VII, A, Performance (cont.)

) An analysis of the performance losses with the
new injector indicates that the barrier and core flowr were partially mixed.
The amount of mixing of the two streams is.evident from the erosion character-
istics noted after the tests with ablative chambers. The amount of barrier
and core mixing was inferred from the ablative chamber tests by relating the
distinctive areas of erosion to a combustion product temperature and, hence
mixture ratio. Using three stream tubes, an unmixed barrier, a mixed barrier
and core, and an unmixed core, the performance loss analysis technique pre-
dicted the measured performance of the ablative chamber (Test 3K-1-200) within
1 sec of specific impulse. These same stream tubes, adjusted for variations
in overall mixture ratio, were then used to analytically predict specific
impulse over the full test range of O/F. Curves illustrating the magnitude

of the various performance losses for the 6.5-in. L* chamber are shown in
Figure 57. Also shown is a predicted perfermance curve based on an assumption

of no barrier-core mixing.
(b) Engine Length

© The effect of combustion chamber length on
specific impulss derived from tests using the final injector is shown in
Figure 58. The data in Figure 58 have been corrected to a mixture ratio of
1.0 using the curves of Figure 56. The energy release efficiency, Ngge 2 @
function of engine length is shown in Figure 59. Energy release efficiencies
were calculated from the test data by adding the "known' losses--barrier
cooling (mixture ratio maldistribution), divergence, and boundary layer--to
the measured specific impulse and comparing this sum to the theoretical ODE
specific impulse. The MRD losses were calculated assuming the three stream
tubes mentioned in the previous section. For comparison, the effect of length
on npp from a similar HIPERTHIN engine used on Spartan and discussed in Refer-
ente 10 ie shown in the figure. The efficiency of the NZOA/NZHA engine is
approximately 3% lower than the efficiency of the Spartan unit at a chamber

length of 1.5 in.
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Figure 57. Effect of Mixture Ratio on Performance Losses (u)
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VII, A, Performance (cont.)

(¢) Barrier Cooling

() The barrier cooling flow produced by the final
injector appeared to mix with the core flow to a much greater degree than that
produced by the Phases I and II injectors. This mixing resulted in higher
performance for the final injector design compared to the preliminary designs

at the same designed cooling flow conditions.

(0) The barrier flow conditions of the final

design should have provided 21.2% boundary cooling flow at a mixture ratio of
0.5, based on the calculated pressure drop through the coolant ring orifices.
However, modifications to the injector flow circuits may have provided slightly
greater barrier flow and mixture ratio than was calculated based on coolant
orifice flow area. The predicted effect of barrier flow rate on specific
impulse is shown in Figure 60. To define the curve of Figure 60, three stream
tubes were assumed based on core flow conditions, barrier conditions, and

barrier-core mixing.

4, Extrapolation of Performance to Altitude Conditions

(9] The altitude performance predictions quoted in this section
rely on loss analyses conducted to determine the cooling and energy release
losses inherent in the measured sea level data. The extrapolation of these
losses to the altitude configuration is usually the least understood phase

of performance axtrapolations. The perfcrmance losses at altitude due to
nozzle curvature. boundary layer effects, and kinetic effects were calculated
using ICKhPG-recommended programs or techniques as set forth in Reference 1.
These losses are fairly well defined and, with the exception of the kinetic

loss, are usually not significantly influenced by injector design parameters.
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VII, A, Performance (cont.)

(€ On the other hand, the extrapolation of cooling and energy
release losses to altitude is not so well defined and is influenced by the
injector design variables. A knowledge of the injector mixture ratio distri-
bution and element energy release efficlency is necessary for accurate per-
Yormance extrapolation of these losses. This knowledge requires consideration
of the injector hydraulics and propellant spray distribution. The propellant
vaporization analysis discussed in a preceding section has proven to be a
useful tool for the determination of element energy release efficiency. The
stream tube analysis, as described in Reference 2, has proven to be useful in
determining mixture ratio maldistribution losses such as those caused by
barrier cooling requirements. For the N204/N2H4 engine, the energy release
efficiencies were essentially 100Z and the MRD losses were well characterized

by the three-stream-tube model mentioned previously.

(C) Altitude performance predictions for the hydrazine engine,
based on complete combustion (100% nER) and stream tube flow, are given in
the following sections as functions of engine mixture ratio. In addition,
an analytical curve of specific impulse as a function of engine length is

presented.

a. Effect of Mixture Ratio on Altitude Specific Impulse

(9] Extrapolation of sea level data from Tests 3K-~1~185 to
188 to an altitude 30:1 area ratio minimum length Rao nozzle configuration
results in the specific impulse values shown in Figure 61. The predicted
altitude curve based on stream tube data defined by Test 3K-1-200 is also
shown in the figure. Comparison between the individual test extrapolations
and the predicted curve shows a maximum disparity of less than 1% at a mixture
ratio of 1.4, The contract requirement for minimum specific impulse of 300 sec :
at e = 30:1 will be exceeded by the engine. A peak value of 309 1bf-sec/lbm
at 0/F = 1,0 and an ISp of 300 lbf-sec/lbm or greater will be achieved i
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: VII, A, Performance (cont.)

throughout the mixture ratio operating range of 0.95 to 1.40. The minimum
predicted performance of 302 lbf-sec/lbm will occur at O/F = 1.4. TFor compari-
son, the curve of one-dimensional equilibyrium Isp as a function of mixture ratio

E for N204/N2H4 at a chamber pressure of 300 psia is shown in the figure. The

difference between the mixture ratio for peak theoretical Isp and the mixture

3
9

ratio at maximum predicted ISp is due to the effects of the cooling and kinetic

.
Ay

performance losses. The influence of the performance losses in determining

the shape of the predicted Isp—mixture ratio relationship is illustrated in

Figure 62. The increase in cooling loss at high mixture ratios is the result
of the injector core 0/F passing beyond the value for maximum performance.

The data from Figure 62 are presented in Figure 63 in terms of specific impulse

BT werc, o ARGt W ALY P fan

efficiency. Again, the decrease in performance at high wixture ratios, as

shown in the figure, is due to increased cooling and kinetic losses.

Braatsog-

b. Effect of Combustion Chamber Length on Altitude
Specific Impulse

T e oo

©) The most significant influence of combustion chamber
length on performance is usually due to combustion efficiency effects caused

by propellant vaporization or atomization limitations. In addition, boundary

AT, W TN, "
P APAE D Eod o

layer effects and propellant mixing can also cause performance changes with

length. The length of a chamber usually is a factor in determination of
coolant requirements, so that chamber length has an indirect, but sometimes
significant, influence on coolant performance loss. The predicted effect of

chamber length on energy release efficiency has been shown in Figure 59, along

2L AN e o
1 d g G Ay e DY p{ 2
FOT 9

with the measured effect of Ngn for the Spartan engine system. These curves

indicate the possibility of achieving 99 to 100% Y with chamber lengths down

R A 1

to 2 in. or less. The energy release curve for the hydrazine engine from

SEELSR

Figure 59 was used to predict the effect of length on altitude specific impulse

as shown by the curve of Figure 64. From this curve, it appears that the

R

o o
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ViI, A, Performamnce {cont.)

required altitude specific impulse of 300 lbf-sec/lbm can be met with a 2.5-in.-
long chamber at a mixture ratio of 1.0 and approximately 21.27% boundary cooling
flow at a barrier mixture ratio of 0.5. If the barrier flow can be reduced as

the chamber is made shorter, the performance at short chamber lengths will be

slightly higher than is shown in Figure 64.

5. Performance Conclusions

©) The preceding discussion and presentation of test data have
led to certain conclusions regarding the performance of the hydrazine injectors.
These conclusions are restated in this section in a more explicit and concise
form. Data analyses and interpretation of measured sea level performance and
predi~ted altitude performance on the final N204/N2H4 injector design indicate

the following:

(c) a. The contract requirement for a minimum peak altitude

specific impulse of 300 lbf-sec/lbm in the mixture ratic range of 0.95 to 1.40
can be easily achieved with the existing design. With the present design, the
unit will exceed the contractually required ISp over the entire mixture ratio

range.

w b. A reduction of combustion chamber length from 5 in. to <

3 in. or less will meet contract performance requirements.

c) c. The mixture ratio for maximum sea level and altitude

specific impulse is approximately 1.0.

(©) d. The sea level data indicate essentially complete energy

release efficilency throughout the mixture ratio range of 0.95 to 1.40.

(©) e. Reduction in energy release efficiency is not appreciable

(<1.0%) down to a chamber length of 3.0 in.
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VII, Experimental Resuits (cont.)
B.  COMPATIBILITY

B (V) Three tests were conducted to evaluate the inj.~tor/chamber
compatibility of the selected injector design. The first of these employed
a 13-inch L* copper chamber that had been lined with a silica-rubber based
materi.'. The lining, 0.100 in. thick, extended from the injector through

the throat.

) The test in which this liner was used (3K-1-189) was inconclusive
due to duration limitations of the liner itself. There was not erough material
remaining after the test to allow positive identification of injector streak
patterns. Primary emphasis was thus placed on the use of the phenolic streak

chambers for compatibility evaluation.

(v) Two tests (3K-1-198 and 3K-1-200) were conducted using the phenolic
chambers. The advantage of this material in compatibility analysis lies in the
type of erosion and discoloration that occurs during hot firings. Splashing
fuel on the chamber wall will leave virgin material. If the fuel is acting

as a monopropellant and combustc next to the chamber wall, the ablative
material chars with no significanc surface removal. Oxidizer rich but low
temperature gases produce 2 whitish aiscoloration due to the silica melt.
Oxidizer rich and higher temperatures melt the silica and allow surface removal

through shear, 1

v Results of the silica-phenolic ablative chamber tests are

summarized below:
- 1. Throat erosion was evident at discrete chamber locations

following each long~duration test. The result of this erosion was an average

radius increase of 0.05C in. and throat area change of 8%.
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73 ‘
‘5 VII, B, Compatibility (cont.)
-ﬁ 2, Chamber streaking occurred In line with both major and minor
; ‘ baffles.
_g 3. Streaking over the minor baffles initiated at the injector/
i chamber interface, while major baffle streaks initiated a ghort distance
_ § downstream of the interface. This phenomena implied that a finite mixing
'§ distance was required to £ill the propellant voids that occur off the baffle
§ tips. These voids, shown graphically in the water flow photographs (Figures
: 65 and 66) are a result of the sloping baffle walls and the wide, flat,
baffle tips.
'i 4, Four locations showing no significant erosion occurred at
i the 0°, 90°, 180°, and 270° circumferential positions. This was expected,
3 since the 0° and 180° locations have fuel showerhead elements adjacent Lo
i% : the wall. At the 90° and 270° points, the fuel and oxidizer elements alternate,
-é providing uniformly distributed, low mixture ratio flow at the wall.
7% (0 Figure 67 shows the erosion pattern in a view looking towards the
;Zi throat. Observed on the chamber, but not on the photograph, were minute
gr
. streaks from each fuel and oxidizer circumferential orifice. However, this
ﬁi photograph does illustrate the locations and extent of all major streaking.
.i W) The analytically predicted boundary mixture ratios and gas dynamic
? distribution at the throat station are shown superimposed over the post-fire
? throat contour in Figure 68. Good correlation is seen to exist between the
'§ predicted higher mixture ratios and actual streaks. Diffusion and mixing
é between adjacent streams extending from the interface occurred as the
E combustion gases moved to the throat. Therefore, the initially narrow streaks
.-g become broader as the gases progressed downstream. ;
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Hydrotest of Injector T6-MO, Fuel Circuit (W)

Figure 65.
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Figure 66.
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320 40°

230

210 200 190 180 170 0 180

Figure 68, Comparison of Chamber Erosion with Calculated Boundary
Mixture Ratio
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VII, B, Compatibility (cont.)

FA

) It is apparent from the posttest condition of the phenolic chamber

8 40

that the boundary temperatures exceeded the phenolic melt temperature of

3200°F. This was expected, based upon pre-experimental .nalyses and tempera-

oy
ST Sad st

ture measurements obtained during the experimental phase (see next section).

é The compatibility results were extremely beneficial, however, in determining

f the applicability of a refractory material, specifically zirconia oxide, as a

é chamber insert. A minimum wall side mixture ratio of 0.8 is required to

% exceed a combustion temperature of 4700°F, the melting point of zirconia. The
? calculated barrier mixture ratios presented in Figure 68 imply lower than 0.8

g mixture ratios at the wall. This means that the zirconia material will be

é adequately protected from adverse temperature conditions, and injector

é compatibility with this material should be ensured.
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VII, Experimental Results (cont.)
C. THERMAL

1. Experimental Data Reduction

) Data reduction was accomplished in three phases. Initially,
data were reduced by graphical techniques. The great number of data points
acquired during testing, however, made it expeditious to automate the approach.
A one-dimensional constant properties (DATAP) computer program was thus
generated. The final data reduction approach was accomplished on the SINDA

3G thermal program, which included both variable thermal properties of the

heat sink and two-dimensional heat conduction effects.

2. Initial Approach

4)) Figure 69 gives the thrust chamber geometry and thermocouple
locations for the 4-in. L* and 6,.5-in. L* chamber contours tested. Tests
3K-1-115 through 122 used the 6.5-in. L* copper chamber; Tests 142 through
148 used the 4-in. L* chamber; and Test 149 used the 6.5-in. L* mild steel

chamber.

1)) Chamber gas-side thermocouple data from Tests 3K-1-115
through -122 were initially analyzed by means of temperature response charts
to determine the recovery temperature at various axial and circumferential
locations. Tests ~115 and -~116 had no barrier cooling. These tests were
used in determining the film coefficients at the thermocouple locations
assuming a theoretical recovery temperature. The remaining tests had low
mixture ratio barrier cooling. The recovery temperatures were Jdetermined by
assuming that the film coefficients at the lower mixture ratios varied in
proportion to the DB factor calculated by Lhe Lransport properties computer

program.
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VII, C, Thermal (cont.)

4 1)) The following tabtle presents the average recovery temperatures
i? at each of the three axial locations:

3

’ Test %4 Flow %_Area bﬁi& 2 '1_3_ I‘L

3 117 17 34 0.2 3150 3500 3350

% 118 17 34 0.2 3200 3600 3550

E 119 21.2 34 0.5 3750 3750 3600

120 10 16 0.5 4350 4350 4200

3 121 12.5 20 0.5 4100 4400 4150

122 14.4 23 0.5 4100 4225 4025

3

5 In this table, percent flow and percent area refer to the barrier, whose

g mixture ratio is MRB. The temperatures are in °F.

.§ () It may be seen that individual thermocouple responses at a

z particular axial location are different. This is indicative of either injector

ﬁ' streaking or instrumentation variabilities such as variations in junction

g; location. The results are not considered especially accurate because of the
7§; low final gas-side wall temperatures, the limitations of constant property

vé charts and the inaccuracies of chart interpolations. It is significant to '
'ﬁ: note, however, that gas-side temperature measurements attained using the

3 insulated thermocouples agree closely with the above data. Using this

E latter technique, direct throat recovery temperatures of approximately 4000°F
‘f were observed.

) The FORTRAN program (DATAP) developed on the GE Mk II time

k:

; sharing system accomplished the task of reducing approximately 240 temperature
§ transients in a fraction of the time it wou*d have taken by conventioral

2 means. A second program was written which was designed to correlate the heat
y

5
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ViI, C, Thermal (cont.)

transfer coefficients thus obtained by computing Bartz Cg values, Stanton

and Reynolds numkars. Both programs functioned as designed and provided good

heat flux data; however, the results were largely inconclusive in determining

recovery temperature and coefficient, mainly because of the relatively short

run times and low wall temperature rise. Data reduction from the copper

chambers was incapab.e of identifying the effects of varying barrier flow

on recovery temperature with any degree of confidence due to the wide range
of acceptable h_ and Tr combinations that matched the transients. The reason
for this insensitivity is attributed to the small change from the cold wall
heat flux, caused by the low wall temperatures measured (typically 1200°F
For thermocouple T4-1 (Test-142), the
After a 3~sec firing, the
Figure 70 is a

maximum after a three-second burn).
cold wall flux was nominally 7.8 Btu/in.z-sec.
flux was still 6.4 Btu/in.z—sec, or a change of only 187,
transient typical of those from which boundary conditions were inferred.

w Because of the difficulties encountered in understanding the

temperature measurements, the data reduction entered a third phase during

which the SINDA-3G computer program was employed. In addition, some of the

earlier assumptions employed in data reduction were further scrutinized.

3. SINDA-3G Model

In order to evaluate the effect of the start transient, use
In these studies; a one~

(V)
was made of the SINDA-3G differencing analyzer.
dimensional model (cyl. coordinates) was driven with the measured wall tem-

Experimental values of transient heat flux were obtained

perature response.
the gas-side mode and metering the heat

by attaching a dummy conductance to

flow through the conductor. The conductance was sized to give negligible

temperature drop at the peak flux.
forward-backward differencing; thus, the stability of the solution was not

Network solution was obtained by using

affected by the small dummy conductor and computer run times were minimal.
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------- Tp = 4641  Hg = 0.002357
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TIME FROM CHAMBER PRESSURE RISE, sec

Figure 70. Thermocouple Transient Data - Test 3K-1-188
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VII, C, Thermal (cont.)

(w Figures 71 and 72 show the experimental plots of heat flux
varsus time and wall temperature for two of the throat station theiwocouples
fn Test 3K-1-188, which had 30% longer run times and aigher wall temperatures
than earlier runs. From the plots, it can be seen that after approximately
0.5 sec the heat transfer t. the wall has reached steady state. If it is
assumed that after this point in Lime hg and Tr are constant, then it is

theoretically possible to calculate the boundary coefficients according to the

following:
_ A/
by = gt jat (1)
Tr =T, + glhg (2)

Making use of Equation 1, the transient data Q/A(t), Tw(t) were curve £it by

the following equation:

Y=Xla+b {x) ) (3)
which has as its derivative:

Y* = a/(a + bx)2 (4)

(v) The above equations were then put into a small program which
calculated the boundary conditions as a function of time. The results of this
calculstion for T4~3 are given in Table VI, As can be seen from the table.
there is no consistent set of boundary conditions that satisfy the data. Three
possible causes are: (1) Tr is not constant with time, (2) hg is a function of
wall temperature, or (3) two- and thrce-dimensional conduction effects are
occurring in the chamber wall, Item (1) would seem unlikely after steady state
combustion is achieved. Item (2) can be theorctically shown to exist; however,

the range of the correction factor (depending on the assumed value of Tr) varies
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TABLE VI

CALCULATED RECOVERY TEMPERATURES AND HEAT TRANSFER COEFFICIENTS
TEST 3K-1~188

AR e E ey vy v SO R

Tine B Q. g I
| 1.50 743.93544 11.49299 0.01211 1693.15630
| 1.60 776.35321 11.12879 0.01042 1843.93360
3 1.70 807.39820 10.92609 0.00912 1994. 34850
3 1.80 837.15292 10.57051 0.00809 2144.05620
o 1.90 865.69893 10.35186 0.00725 229276910
s 2.00 893.10753 10.16266 0.00657 244024850
5 2.10 919.44538 9.99735 0.00600 2586.29720
3 2.20 944,77401 9.85166 0.00552 2730.75310
3 2.30 969.15034 9.72230 0.00511 2873, 48460
4 2.40 992.62709 9.60667 0.00475 3014. 38570
K 2.50 1015. 25320 9.50269 0.00444 3153.37240
! 2.60 1037.07400 9.40869 0.00418 3290.37970
- 2,70 1058.13170 9.32330 0.00394 3425.35850
i3 2,80 1078. 46580 9.24538 0.00373 3558.27330
3 2.90 1098, 11280 9.17400 0.00354 3689.10050
3 3.00 1117.10710 9.10836 0.00337 3817.82630
3 3.10 1135. 48060 9.04780 0.00322 394444560
9 3.20 1153.26320 8.99175 0.00308 3068.96010
§ 3.30 1i70.48310 8.93973 0.00296 4191.37790
§ 3.40 1187.16640 8.89132 0.00285 4311.71220
4 3.50 1203. 33800 8.84615 0.00274 4429.,98050
: 2,60 1219.02090 8.80391 0.00265 4546.20380
o 3.70 1234.,23710 8.76432 0.00256 4660. 40620
b 3.80 1249.00700 8.72715 - 0.00248 4772.61420
3 3.90 1263. 35000 8.69217 0.00240 4882.85650
b 4.00 1277. 28440 8.65919 0.00233 4991.16320
; 4.10 1290. 82730 8.62806 0.00227 5097.56580
E 4.20 1303.99500 8.59862 0.00221 5202.09670
3 4.30 1316. 80290 8.57073 0.00215 5304.78930
3 4.50 1341.39680 8.51916 0.00205 5504, 79440
g 4,60 1353, 20960 8.49526 0.00200 5602.17529
i 4.70 1364.71630 8.47251 0.00196 5697.85 "0
¥ 4,80 1375.92870 8.45082 0.00191 5791.86500
E 4,90 1386. 85800 8.43012 0.00187 5884.24210
3 5.00 1397. 51460 8.41035 0.00184 5975.01910
-
|
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VII, C, Thermal (cont.)

by only 20% over the measured wall temperature range. The final item is the
most likely candidate, as some streaking has been observed with this injector.
The fact that the measured heat flux is becoming constant (Figures 71 and 72)
with increasing wall temperature would indicate that heat is flowing by conduc-
tion to the thermocouple location. Since the heat flux is becoming flat, there
becomes virtually an infinite set of boundary conditions that will match the

observed temperature data, particularly those that result in a low ratio of

Tw/Tr.

(v) The fact that the data reduction program recreates the
observed transient (Figure 70) cannot be questioned and would seem to give
confidence in the analysis. 1If, however, the inferred boundary conditions
are imposad on the same sclution (integral technique) using cylindrical
coordinates as shown also in Figure 70 rather than the flat plate solution
assumed earlier, the fit 1s rather poor. Also shown in Figure 70 is the
predicted response using the same boundary conditions but including tempera-

ture varying thermal properties in the flat plate solution.
4, Conclusions

(n The computer program used to infer gas-side boundary condi-
tions demonstrated the ability to match and recreate transient temperature
data., From the above analysis, it would seem absolutely necessary to isolate
the thermocouple locations from twh- and three-dimensional conduction effects

if gas-side boundary conditions are to be inferred from thermally instrumented

chambers.
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S e

g VIL, C, Thermal (cont.)

ﬁ )] Because of the inability to precisely define hg and, speci-~

3 fically, recovery temperature through purely analytical means (based on the
% data generated with the copper chambers) it was necessary to rely on gross

f chamber affects to determine a feasible boundary temperature. Erosion char-

g acteristics exhibited by tne phenolic chambers illustrated a boundary tempera-
} ture in excess of 3200°F. Compatibility results, however, in conjunction with
% recently obtained data generated with a refractory throat material, show the
é boundary temperature produced with the final injector to be less than 4700°F.
é

é D. STABILITY

i 1. Stability Data Acquisition and Reduction
~; 4] The stability data were acquired by means of two high-
; frequency Photocon 352A pressure transducers lccated 90° apart in the chamber
§ wall 1.5 in. from the injector face. The transducers were originally located
f; over a baffle tip and between two baffles; later in the program, however, the
,;ﬁ baffles were rotated 15°, placing both transducers between baffles. Both a
1% tangential pulse gun and a nondirectional bomb were used to rate the tability
% of the system. When the pulse gun was not in use, it was plugged with a rod
’} that was flush with the chamber wall to eliminate an unintended source of

: damping. The pressure data obtained from the Photocon transducers were
‘? recorded on an FM tape recorder and played back at 160 in. per second in

; order to analyze the high frequercies observed on this program. When it was
g necessary to determine the amplitude of more than one frequency of oscilla-
_i tion, a spectral analysis was performed on the entire run. The data were

'g printed out in a computer tabulation for every 0.0125 sec as a function of

4’ both frequency and time. The frequency bandwidths employed were 800 cps; the
é trequency range of interest was from O to 40,000 cps. The system frequency
-f response from the Photocon source through the tape recording and playback
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VII, D, Stability (cont.)

amplifiers resulted in final computer printout data that were limited to just

below 30,000 cps. This allowed for adequate evaluation of up to the fifth

tangential (5T) acoustic mode at about 27,000 cps.

2. Derivation of Baffle Pattern

w The proposed injector baffle patterns were based on the
results of the work done in the preproposal phase of this program. This
preproposal effort developed an injector baffle pattern which had seven
radial baffies 0.7 in. high, a 0.2-in.~high hub baffle, and 0,2-in,-high
radial baffles extending from the hub to the chamber wall. This baffle
pattern would have resulted in an unacceptably dense pattern for the smaller
diameter program chambers. Therefore, it was decided that a fewer number of
baffles could be used, which would result in baffle pockets comparable in
size to the successful preproposal injector design. To compensate for the
use of fewer baffles (five instead of seven), it was necessary to make the
remaining bc£fles slightly longer relative to the chamber diameter. There-
fore, the baffle was to remain 0.7 in. high iuscead of being scaled down to

0.61 in. with the chamber diameter reduction from 4.0 to 3.5 in.

3. Stability Results

a. Baffles

(5))] The six injectors tested during this program were
cumulatively tested with twenty different baffle patterns. Jf these twenty,
thirteen were unique in that the basic pattern was either wholly medified or
the blade heights were di¢“erent. The remaining seven patterns were either
identical repeats on different injectors or incorporated minor modifications

such as variations in blade wall angle or tip width. The thirteen unique

patterns are shown in Figure 73.
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VII, D, Stability (cont.)

(u) All patterns shown, with the exception of number 12,
were unacceptable in operation. Pattern number 2 was unstable in the f{irst
tangential acoustic mode at 7200 cycles per second. The peak-to-peak oscil-
latory amplitude was 190 psi. It was concluded (and later proved) that
baffles less than 0.740 in., in height were, in this system, inherently
unstable. Patterns 3, 4, 10, and 11 were dynamically stable; however, there
was exhibited a random oscillation noise exceeding the allowable pressure
limitation of +5% of chamber pressure. The remaining patterns exhibited either
very noisy operation or random pressure spikes of significant amplitude. It
is now believed that random oxidizer circuit plugging during machining was
influential in causing pressure spikes and, thus, possibly unnecessary baffle
pattern rejection. Based on the then current information, however, the
patterns were varied progressively until the successful pattern shown as
number 12 was achieved. This pattern was employed in the final demonstration

injector.

40)] The significant baffle changes effected during the

program were:

(1) A reduction in major baffle height from 0,800 in
to v.705 in.

(2) Removal of the major baffles from inside the hub
and decreasing the height of remaining blades
to 0,740 in.

(3) Removal of the minor baffles from outside the hub '
and decreasing major blade height to 0.740 in. :

(4) Both (2) and (3) with an increase in hub height
to C.800 in.

(5) Removal of the major radial blades from injector
center and replacing them with three minor blades
0.400 an. high,
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VII, D, Stability (cont.)

u) The significant of these changes is shown in Figure 74
in the form of spectrum analyses of the Photocon pressure data. The data
summiyy time~ were taken 0.1 sec before shutdown and were averaged over a
0.l-sec inte ral. It may be seen that a complete five-bladed major pattern
inhibits the lower, or first tangential, mode. This pattern, in conjunction
with a full array of minor blades, inhibits all modes. Conversely, removal
of the center blades results in a significant increase in 1T susceptibility
and, thus, noisier engine operation. Elimination of the outer minor radial
blades, while maintaining the center pattern, provides suppression of the
first tangential mode but allows higher modes to become dominant. Again,
this results in noisy operation. Removal of 21l but the outer major blades
and the hub allows all dominant modes to become significant. As was seen

in the test data, this baffle change ailowed pressure oscillations of +40 psi

amplitude,

)] It was evident from these results that one of the major
baffle damping mechanisms is the interference of the baffle with the trans-
verse acoustic mode velocity maximums. It was apparent that, for maximum
damping of an acoustic mode, there had to be a baffle interfering with all

the acoustic mode velocity maximums. In the case of the first tangential
acoustic mode and those modes combined with it, there had to be a baffle
across the injector center. Similarly, all the pure tangential modes required
radially oriented baffles near the chamber wall and exceeding in number
(preferably double) the number of acoustic velocity maximums. Thus, main-
tenance of all radial blades between the hub and injector circumference sup-

pressed all modes up to the fifth tangential.
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VII, D, Scability (cont.)
b. Flow Distribution Effects

)] The method chosen to control the barrier cooling mixture

ratio had compensating stability effects for the pure tangential acoustic

modes. By decreasing the oxidizer barrier flow and maintaining a constant
fuel flow, the propellant distribution was, in effect, "humped" toward the
enter of the injector. As was discussed in Section IV,A,5, this reduction

in boundary flow relative to the injector center tends to stabilize the pure

tangential modes.

(u) It is impossible to assess the actual contribution to
stability due to flow distribution on this program because of the overriding
influence of the associated baffle patterns. It can be stated, however, that
there were no deleterious effects due to flow distribution., Stability was
not degraded in those cases in which tne pattern was held constant and the

boundary flow was varied.

c. Chamber Geometry Fffe::.s

3] The chamber geometry variable for this program consisted
primarily of shortening the chamber from 10 in. (13-in.L*) to 5 in. (6.5-in. L*).

The injector diameter of 3.5 in. and throat size of 2.7 in. remained the same.

41)) These length changes, as with flow distribution, were
capable of only minor influences on stability in comparison with the baffle
patrerns themselves, It would be expected that the longer chamber would be
most prone to exhibit pure longitudinal acoustic modes at frequencies lower
than 8000 cycles per second. The shorter chamber, while not likely to exhibit
longitudinal oscillation, would be more susceptible to instability ia the
transverse modes. No results applicable to these theories were conclusively

i
{
obtained during this program. ‘
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VII, D, Stability (cont.)

Es d. Propellant Combination Effects
4
i3

(9] Prior to this program, there was a scarcity of data

; relative to the sensitive combustion frequency for injectors using HIPERTHIN
% orifices and for fuels other than AeroZINE 50. This program utilized hydra-
§ zine as the fuel for all but three tests (Tests 3K-1-163, 164, and 165).
These three tests utilized monomethylhydrazine (MMH) a3 a fuel in an effort

to obtain a reference stability condition.

W] e

©) Tests 3K-1-163 and 164 utilized an injector with a %

R AT

baffle pattern of the type that had been proven capable of stabilizing all

high-frequency acoustic modes up to 18,000 cps using hydrazine as the fuel. |

T

é Test 3K-1-165 utilized an injector that had a flat face of like impinging T
% injection elements and no baffles or damping devices of any kind. Both

] injectors were found to be unstable in the first tangential acoustic mode

E (7500 cps baffled and 8000 cps unbaffled) when tested with MMH. The baffled

injector experienced a slightly lower first tangential mode frequency due to

the presence of the baffles.

) It was unexpected that the baffled injector using MMH
as a fuel would go unstable in the first tangential mode at 7500 cps, if at
all, rathexr than at the higher frequency baffle pocket modes. This result,
along with anomalies recently observed with this and other hydrazine systems,
has caused a re-evaluation of sensitive time lag correlations with respect

to the various fuels.

(©) At the time the analyiical stability evaluation of the
injector designs proposed for use in this program was being conducted, the
most recent seunsitive time lag correlation had just been published. Six

months later another correlation was published (Ref, 15) which tended to
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VII, D, Stability (cont.)

correct the earlier correlation with respect to recent hydrazine test results.

The correlating formula of the earlier correlation was as follows:

0.25 4M? ;
S S v a |
¢ 1
M |
; c PCRF
A The latter correlation of Reference 15 did not present a formula, but the

ordinate on the curves presented showed the sensitive time lag, T, to be
proportional to identical factors (i.e., fuel orifice diameter, df; the cham-
5 ber Mach number, Mc; and the chamber pressure, Pc) with the exception of the

fuel critical pressure, PCRF'

Mo TR

S

) The critical pressure term was removed when it became

e

apparent from more recent test results that hydrazine (NZHA) was sensitive
i to higher frequencies than AeroZINE 50 (A-50). The critical pressure of Nz“q
is 2131 psi; for AeroZINE 50 it is 1696 psi. The more recent data indicated

A

that, if the critical pressure was to be correlated with recent test results,

it should be a multiplication term with chamber pressure rather than a

RS Gty

divisive term. This has been verified by the MMH test results generated

"

during this program. Monomethylhydrazine has a critical pressure of 1195 psi

PPz o

and is sensitive to a much lower frequency than the N2H4 under the same i

conditions,

AR Y

o —

w The results from this program are plotted in Figure 75

with the same coordinates as used by Reardon in Reference 15. The relative

positions of the three propellanté and the leveling off of the curves shown
in Figure 75 have not been shown before but are clearly indicated by both

the N2H4 and MMH test results of this program.
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SECTION VIII

INJECTOR RELIABILITY AND MAINTAINABILITY f

o R
3R

Kt

it

) The goals of high performance, stability, and chamber cooling

g

wvere met with the injectors fabricated during this program. For complete
|

RGeS

{ development, however, the implicit goals of hardware reproducibility, thermal

reliability, durability, and maintainability must alsc be met. The following

ﬁ presents the results of the experimental phase in terms of these latter goals.
4 A.  REPRODUCIBILITY
E ©) Hardware reproducibility is a measure of the ability to build

i sequential units of hardware with minimum component variance and with a maxi-
,; mum operational repeatability. Low reproducibility was demonstrated with the
v phase cne hardware, since difficulties were during fabrication of all units.

E Conversely, a high degree of reproducibility was demonstrated with the phase
E tvo design. Of three injectors initiated, all three were successfully tested.
Ail were stacked and brazed with no evidence of internal or extarnal leakage.
One injector experienced circuit plugging during machining; once recognized

the problem was completely rectified. The remaining injectors experienced no

;ii difficulties in machining. ‘
1 s
;j{ (€ Insufficient hardware has been built to allow statistical defi-

ff nition of operational reproducibility. It is significant, however, that the ,
2 phase two design, and particularly the firal ipjacter, has allowed definition I

of successful platelet type, stacking procedures, braze techniques, and final
machining criteria. Knowledge of these parameters, combined with prior

2 experience in individual platelet selection and plating tolerances, should

gg prove future components of this type to be nearly 100% reproducible.

i
\25 i
L }
;:§ ,
B2 |

1

E:

o
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VIYI, Injector Reliability and Maintainability (cont.)
B, THERMAL RELTABILITY AND DURABILITY

© The injectors of the phase one design and injectors I4 and 15 of
the phase two design experienced face burning, particularly when vertical
cuts were used at the baffle roots. Also, problems of platelet splitting
and orifice deformation were encountered. Two of these early injectors,
I1I-M2 and 14-M1l, reached cumulative firing durations of approximately 25 sec.
The postfire condition of these units is shown in Figures 40 and 76, respec-—
tively. It may be seen that there is little integrity of the platelets,
especially in the baffles themselves.

«©) 4s has been discussed, the showerhead orifice dimensions of the
final injector were reduced from 0.065 in. to 0.040 in. This reduction in
orifice width resulted in a corresponding increase in supporting land width
between orifices. The prefire condition of injector I6-MO was shown in
Figure 46, The postfire condition after 28.5 sec is shown in Figure 77. It
may be seen that there is no metal remcval due to thermal effects: there is
no platelet splitting, and the incidence of orifice deformation has been
significantly reduced. The thirteen tests conducted which cumulatively added
28.5 sec to the injector included five pulse and bomb tests during which the

minimum overpressure was 607 psi and the maximum was 967 psi.

©) The condition of injector 16-M0O after approximately 75 sec is
shown in Figure 78. The added duration was the result of two l-sec tests

and two tests of greater than 20 sec duration. It may be seen that platelet
splitting has not occurred, nor has there been any major increase in orifice
deformation. Of special significance is the apparent stability of the dark
areas on the face., Direct comparison between the 28-sec and the 75-sec heat
marks shows little, if any, change. It is apparent from these results that
the injector will withstand any duration firing. Also, the structural integ-
rity of the face appears compatible with any pulse operation currently under

consideration.
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Injector T6-MO, Postfire 28.5 Seconds (u)

Figure 77.
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VIII, Injector Reliability and Maintainability (cont.)
C. MAINTAINABILITY

() There ave three areas of significance in assessing the maintaina-
bitity of the HIPERTHIN injector used in this program. The first is an

evaluation ¢f the plugging sensitivity due tc sediment filtration. The second
is a consideration of the nitvngen tetvoxide flow decay phenomenon. The last

area pertains to storage requirements and handling limitations.

(v The results of this program were illustrative of a high degree

of insengitivity to circuit plugging due to line and tank sediment. Normal
precautions were taken to eliminate propellant contamination. All filling
cycles were conducted with dual 2y nominal-lOu absolute filters in the fill
line. Also, as is normally the case, two 10p absolute filters were placed in
series in the propellant run lines. The fact that even these normal precau-
tions may have beeu unwarranted on this program is evidenced by the results
of Tests 3K-~1-103, 104, and 105. Approximately two ounces of line scale were
found in the oxidizer manifold after these three tests (see Section VI,B,2),
yet at no time was there a decrease in performance attributable to mixture
ratio shift (as might be the case if the oxidizer circuit were plugging
uniformly) or increase in injector pressure drop. It appeared from postfire
examination that the sediment was filtered and swept to the manifold periphery,

thus causing no detriment tc the system operation.

) Recent test results with HIPERTHIN injectors subjected to particle
laden flow are substantiating these findings. In this study, conducted as

an Aerojet~General independent research investigation, an injector identical
to those used in this program (in terms of channel dimension) is being sub-
jected to‘several hours of water .low containing particles of knbwn diameter
anc concentrations. To date, flow tests have been run with particles ranging

in size from 20y to 40y and in concentrations to 180 ppm. Initial results
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VIII, C, Maintainability (cont.)

show no change in injector AP after two hours of flow. Ultimately, random
particles to 200p in size will be flowed. No problems are anticipated, how-

ever, vased on the test results previously discussed.

€) The second item of significance relative to HIPERTHIN maintain-
ahility is flow decay of the oxidizer due to an accumulation of ferric nitrate
adduct (Fe(NO3)3.N204) atr orifice inlets. Over the pasi five ycars, several
instances of N204 flow decay have been reported. TRW and Rocketdyne
(References 16 and 17) have observed flow decay within filters and small-
passage valves during temperature cycling N204 flow experiments. Aerojet has
observed flow decay while transferring N204 from delivery tank cars to stor-
age areas and then to the test area. In all cases, the flow decay has occurred

at or near small flow passages such as filters, needle valves, and injector

orifices.

(V) Three common factors have been identified from the various flow

decay observations:

- N204 temperature reduction
-~ Small flow passages

~ Presence of ferric nitrate

On the basis of these observations, the following flow decay mechanism can be
hypothesized: (1) flow decay results from the increased pressure drop caused
by the precipitation and buildup of ferric nitrate adduct at or within small
flow passages, (2) ferric nitrate adduct precipitation results from a reduction
in the N204 temperature which reduces the solubility of Fe(N03)3 in N204, and
(3) fluid dynamic variables and flow passage size and geometry influence the

precipitation process but their effects are not cnrrently well understood.
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VII1l, C, Maintainability (cont.)

©) HIPERTHIN, because of the exceptionally small flow passages, could
be susceptible to N204 flow decay. One common factor in all flow decay
observations was a critical flow constriction which would pevmit the buildup
of ferric nitrate adduct. On the other hand, because of the extremely large
number of flow passages within HIPERTHIN type hardware, a large quantity of
ferric nitrate must be precipitated in order to cause extensive flow decay.
Since the solubility of ferric nitrate in N204 is very small (1 to 16 ppm),

large quantities of NZO4 and thus very long flow durations would be required.

©) Sample calculations to determine plugging potential due to adduct
precipitation were made for the HIPERTHIN injectors used in this program.

The assumption was made, based on the number and size of the oxidizer flow
passages, that six 0.004-in.-dia spherical ferric nitrate particles would
completely block a flow passage and that approximately 10.4 grams of ferric
nitrate would be required to cause flow stoppage. Since the solubility of
ferric nitrate in N204 decreases from an average ot 6 ppm at a temperature

of 100°F to an average of 2.4 ppm at a temperature of 32°F, only 3.6 ppm of
ferric nitrate could be precipitated as the temperature of N204 decreased by
68°F. Under these conditions it would require approximately 615 lbm or about
51 gallons of N204 to precipitate 1 gram of ferric nitrate. Therefore, in
order to precipitate 10.4 grams of ferric nitrate in order to stop flow
through the N204/N2H4 injector, flow would have to continue for almost

1200 sec.

) The conditions assumed above are for a very special case which
maximized the probability of flow blockage. For example, a very large
temperature differential (68°F) between the tank and the injector was assumed
in order to maximize the amount of ferric nitrate precipitation. Also, all
precipitating ferric nitrate was assumed to collect at the injector without
any material being forced through the flow passage. Tests with 0.005 and

0.010 in. capillaries have shown that in many cases precipitated ferric
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o VIII, C, Maintainability (cont.) y

nitrate will be forced through the capillary, resulting in flow recovery. !
Finally, ferric nitrate accumulation was assumed to be uniform over the entire
injector. Actual posttest observation has shown very little evidence of

precipitate. When the adduct was observed, only a fraction of the oxidizer

¢ i

orifices was affected. It may thus be stated that the above example has

. defined the maximum flow decay rate for this system. The actual decay rate

is in all probability many times smailer.

- ()] The third area of significance to injector maintainability is that
of storage and handling. Results applicable to this area are available from

a recently concluded program during which a HIPERTHIN injector was developed

and qualified for flight tests. Procedures were established which called for

© o ————y i ot e 2+ e e

water flush, freon flush, vacuum dehydration, and final packaging. Injectors

subjected to this procedure, stored, and subsequently retested were found to :

have no evidence of plugging.
) Simdlar procedures were followed in this program. After each |

or freon was passed through each circuit. The injector was then blown dry

with GN2. Normal practice called for storage in a vacuum dehydrator until

the next test. This procedure was followed with all but the final injector.

? test, the injector was removed from the stand and flushed with water. Alcohol
|
i
i
i
t

Following the last test, injector 16 was flushed, blown dry, and then stored
for two weeks under ambient conditions. No flow degradation was observed

following the two week storage.

(1)) There has been insufficient time to achieve a true measure of {
storability limitations with the program injectors. While the latter results
indicated no plugging due to failure to dehydrate the injector, it is recom-
mended that the units be dehydrated before long~term storage. The best

practice would be to follow the procedures established for the qualified
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VIII, C, Maintainability (cont.)

Hwey TN

injectors, which require 24~hour dehydration followed by packaging in the
proximity of a desiccant container, Under these conditions, injector stor-
* ability should be unlimited.
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SECTION IX

CONCLUSIONS

v) On the basis of the work accomplished during this program, the follow-

ing conclusions are made:
A.  PERFORMANCE DEMONSTRATION

©) The HIPERTHIN injector developed for use with N204/N2H4 has been
shown to offer in excess of 300 sec vacuum specific impulse (at expansion
ratio of 30:1) over the full mixture ratio range 0.8 to 1.4. At a mixture

ratio of 1.0, the vacuum specific impulse was found to be 309 sec.
B.  ENERGY RELEASE EFFICIENCY

©) The injectors developed during this program have demonstrated
energy release efficiencies of 100% with both 10~in.~long and 5-in.-long
chambers (injector to throat). Of major significance is the invariance of
this value over the full mixture ratio range. It may thus be concluded that
a complete system design may be weight and volume optimized within demon-

strated mixture ratio limitations with no degradation to injector efficiency.

C. INJECTOR STABILITY

©) The injectors tested have been proven to be dynamically stable
over the full mixture ratio range, regardless of perturbation intensity or
directional characteristics. Also, the combustion noise level has been
demonstrated to be extremely low (+2% of full chamber pressure) with no
spiking or random oscillation. Start transients with a 35 millisecond oxi-
dizer lead can be expected to produce from 20 to 40 milliseconds of rough
operation with extremely short~duration overpressures approaching 500 to
700 psi. Simultaneous propellant shutduwn will, in most cases, promote

spike~free chamber pressure tail-off.
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IX, Conclusions (cont.)
D. INJECTOR/CHAMBER COMPATIBILITY

L)) Chamber cooling with off-mixture ratio boundary combustion pro-
ducts has been proved feasible. The injectors are not compatible with con~
ventional phenolic chambers; mixing between the core and boundary flow pro-~
duces intermitten; boundary temperatures exceeding the melting point of the
phenolic. There is evidence, however, that the boundary temperature does not
exceed 4500°F, thus making the injector compatible in unlimited durations

with chambers containing refractory materials.

E. INJECTOR REPRODUCIBILITY

[ ~

(D) The problems of fabrication associated with the hydrazine injector
have been defined and solved. Knowledge of these problems, in conjunction
with prior experience in initial platelet fabrication and selection, has
allowed rapid and completely satisfactory fabrication of the latter program

injectors. It is anticipated that future units can be produced on a one-for-

one-basis.
F. INJECTOR DURABILITY AND MAINTAINABILITY

) The injectors developed on this program have been proven to be
extremely resistive to operating conditions which promote thermal and struc-

tural degradation., The duration capabilities are unlimited from a thermal

standpoint. Similarly, the structural integrity of the platelets is com-

patible with either steady-state or pulse-mode operation.

() Maintainability of the injectors requires no more than standard
filtering procedures during propellant loading. There is no evidence to indi-
cate channel plugging due either to sustained operation or extended storag:
periods, although it is recommended that residual propellant be purged and

dehydrated from the injector following atmospheric testing and prior to storage.
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FIGURE LIST

Title

Equivalent Cooled Length vs Percent Coolant Flow
Equivalent Cooled Length vs Mass Velocity Ratio
Mass Velocity Ratio vs Percent Coolant Flow
Solutions for Uniform Fuel Distribution

Barrier Design Plane

Chamber Contour
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LIST OF ABBREVIATIONS AND SYMBOLS

barrier cooled length, in.
dimensionless cooled length

adjusted barrier cooled length, in.
slot height, in,

equivalent (X/S) value

injector face radius, in.

local nozzle radius, in.

injector face area, square inch

ratio of barrier flow area to total flow area
temperature, °R

combustion efficiency

barrier cooling effactiveness

mixture vatio

overall mixture xatio

total propellant flow rate, lb/sec
mass velocity ratio (barrier/core)
barrier coolant fraction of total flow
ratio of fuel flow is barrier to total fuel flow
viscosity, 1b/ft sec

mass velocity, 1b/ft2sec

Reynolds number

transverse turbulence parameter

angle of convergence in nozzle, cegrees

stagnat.ion conditions
barrier conditions

core conditions

adiabatic wall conditions

slot conditions
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(3] Chemical composition data indicate densities of the barrier and of the
core are reasonably close for the range of barrier mixture ratios being con-
sidéred (0.2 to 0.5). The overall mixture ratio is required to be in the

range of 0.9 to 1.4. Thus, it is appropriate to use existing barvier cooling
data from ajr-to-air systems with small temperature differentials. Data by
Seban nave been utilized in this analysis because of the wide range of velocity
ratios investigated and the relatively short ccre flow development length pro-
vided during the experiment. Correlation of the data of Hatch and Papell com-

pare with Seban's data fc: effectiveness values above 0.7.

v) In order to scale the data, it was assumed that a dimensionless coolad
length parameter similar to the one suggested by both Seban and Chin, could be

used to correlate the data, This parameter is given by:

Tog [ p) L TP
(V) s S
(1)) Since the function involving the mass velocity ratio was not explicitly

defined, the data showing cooling effectiveness directly as a function of
cooled length/slot height (X/S) were utilized by entering the data for a given

mass velocity ratio at an equivalent (X/S) defined by:

-0.2
Efgctual
actual Redata

x = (X/8) = (X/8)

equivalent

The actual Reyirolds number is related to an injection slot height and is

defined by:

!
i
a
=

™
>

Re

=
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Where the injection slot height (8) is related to the barrier flow area frac-

tion (e) by,
e = S/R (2 - S/R)

The experimental Reynolds number was near 6000 in most cases.

uniform fuel distribution;

Thus the Reynolds number, which can be written as

W,
Re=—& _ngcl;__li
u A €

C

reduces for the case of uniform fuel distribution to,

1+ MR
1 -_\/l-FFC E
r Vo T+ MR
Re = T —
Ye (1 +MR)/ (1 + MRp)

and the equivalent (X/S) is then;

002 C

For the case of

)0.2

. b | 02 A+ TR/ @+ Ry

X =% (Rey . ) o |
R data R WT} ¥
17

Y

1+ MR
‘ 1 -~/ 1-FFC R )

B

This equation was used to generate a family of x vs FFC curves (see Figure 1)

for various barrier mixture ratios (MRB = 0.2, 0.3, 0.4, and 0.5).
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NOTE: X = 10 1inches
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Figure 1. Equivalent Cooled Length vs Percent Coolant Flow
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MASS VELOCITY RATIO

Equivalent Cooled Length vs Mass Velocity Ratio
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MASS VELOCITY RATIO
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Figure 3. Mass Velocity Ratio vs Percent Coolant Flow
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Figure 4. Sclutions for Uniform Fuel Distribution

Page 204

UNCLASSIFIED

[




s B S AR

auefq uStsoQ Id9Taxey G dan3TJ

% ¢ INYT003 WTId4 7304

V0 €0 ¢'0 L°0 0

Page 205
UNCLASSIFIED

UMCLASSIFIED

Report AFRPL-TR-69-122, Appendix

3 “Iy/Py ‘0ILWY VWY




TAARET by B

A

oot L ke
S SRE At Y Y W

UNCLASSIFIED

Report AFRPL-TR-69~122, Appendix

W) In order to account for the effect of acceleration on the mixing between

the barrier and the core the following equation for accelerated turbulent flow

over a flat plate was employed;

e L

For a conical chamber design this reduces to;

R b

dx where n = 0.59 was assumed based on
Reference (d)

) 2(1-n)

1

- A S

X { . X Sin
R

For the 10 in, chamber design in Figure 6 the value for X' is 11.1 in. Thus,

ely cool the throat in the 10 in. chamber design, the design

in order to adequat
Defining a safety margin

plane must be entered af, a cooled length of 1.1 in,

as the ratio of design length/required length,

in a safety margin of}

_14.0 _
Safety Margin = 3777 © 1.26
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